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TECHNICAL REPORT R-118

BOUNDARY-LAYER SIMILAR SOLUTIONS AND CORRELATION EQUATIONS FOR
LAMINAR HEAT-TRANSFER DISTRIBUTION IN EQUILIBRIUM AIR
AT VELOCITIES UP TO 41,100 FEET PER SECOND

By Naruanier B. CoHEN

SUMMARY

Locally similar solutions of the laminar boundary-
layer equations are obtained for air at chemical
equilibrium for static enthalpies up to 1,000RT,,,
(corresponding to the free-stream stagnation enthalpy
Jor atmospheric flight at velocities up to 41,100 feet
per second).  Correlation of the transport property
estimates of NASA TR R-50 are employed in the
solutions.

Lzxact solutions for flat-plate flow, axisymmetric
stagnation flow, and stagnation flow for a yawed
winfinite cylinder are obtained and correlating formulas
Jor the appropriate heat-transfer functions are devel-
oped. A correlation formula for the heat-transfer
distribution  function for an arbitrary favorable
pressure gradient on a body of revolution or yawed
mfintte cylinder 1s determined for application to
various local similarity methods. Pertinent equa-
tions are collected in a single section for convenience.
Extension to three-dimenstonal flows with small cross
Jow is briefly described.

INTRODUCTION

A knowledge of the expected aerodynamic heat-
transfer distribution on a body in high-speed
flight is essential to proper design of thermal-
protection systems. In reference 1 a method for
computing the laminar heat-transfer distribution
to yawed infinite cylinders of arbitrary cross sec-
tion and to bodies of revolution at zero angle of
attack was presented. This method employed
the concept of satisfving the general integrated
energy equation with locally similar boundary-
layer profiles. Although the method of reference
1 was derived for air in dissociation equilibrium,

the similar profiles used therein were obtained from
boundary-layer solutions for a perfect gas with
viscosity proportional to temperature and with
unit Prandtl number. Such an approximation
was assutned to be reasonable for determining the
ratio of local to reference heat-transfer rates on
blunt bodies of practical concern, although insuffi-
cient for the calculation of the reference value
itself. Experimental heat-transfer distributions
obtained at Mach numbers from 3 to 6 on an
unyawed circular cylinder and on a flat-faced body
of revolution were used in reference 1 to show that
the theory gave satisfactory predictions for the
perfect-gas case even for large favorable pressure
gradients. It was also shown that the simple
local similarity technique of reference 2 (which
itself is a more approximate form of the integral
method of ref. 1) was sufficiently accurate for
most design purposes.

Because the use of unit Prandtl number in the
similar solutions of reference 1 restricts that analy-
sis to the computation of heat-transfer distribu-
tion, a need exists for methods to determine the
effect of gas properties upon the heat-transfer
distribution and to establish accurately the refer-
ence heat-transfer rates for real air (e.g., the
stagnation heat-transfer rate). The purpose of
the present analysis is to provide a sufficiently
large number of similar solutions of the laminar
boundary-layer equations for air in chemical
equilibrium in order to fulfill this requirement.
A brief survey of some of the present results is
included in reference 3. The present solutions
are computed by use of the transport-property
approximations of reference 4, as correlated in

1
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reference 5, and these results are valid for flight
up to a velocity of about 29,000 feet per second
with zero yaw and to higher velocities with a
sufficient degree of yaw. Additional transport
property correlations are deduced from reference
4 and used in obtaining a representative group of
similar solutions valid for flight at speeds up to
41,100 feet per second with zero yaw. Correla-
tion formulas for the heat-transfer parameters are
obtained and their application to the integral and
simple local similarity methods of reference 1 is
shown.

The results for the body of revolution have
application to the more general problem of com-
puting heat-transfer distribution along the inviscid
surface streamlines on a three-dimensional body
provided that the boundary-layer cross flow is
small (refs. 6, 7, and 8). Application of the pres-
ent solutions to these problems is brieflv described.

SYMBOLS

C mass concentration

¢ skin-friction coefficient, I—T"’—

§ Peue2

e w skin-friction coefficient, i T

§ pwueg

Crouw skin-friction coefficient, ——2

5 PV,

Cp specific heat at constant pressure

D binary diffusion coefficient

E,. transformed  mixed momentum

. e
thickness, f o (1—g)dy
o On

F diffusion function, eq. (6)

F, F, Fy three different approximations to the
diffusion function for dissociated
air

7 similar stream function, eq. (12)

G, transformed thickness funection,

f (1—g?)ddn
[}

G, high-enthalpy correlation {unction
for heat transfer, eqs. (75) and (78)

I spanwise velocity ratio, v/v,

24 0

o total enthalpy, h—{—u ;—v

h static enthalpy _

hze reference enthalpy, 250RT,,,=2.119

X108 ft?/sec?=8,465 Btu/lb

h*
h

k
L
M
m

NLc

N Nu, w

NPr
NRe
NRe. ”w

Ns.

P,O,RN
PI;QlyRIle

P
P ref

Tref

t
U, O, W

Vo
x} y? 2z

Ed
At

reference enthalpy, eq. (35¢)

similarity heat-transfer coefficient,
eq. (64)

exponent (j=0 for yawed infinite
eylinder; 7=1 for body of revolu-
tion)

thermal conductivity

arbitrary reference length

Mach number

exponent, equation (82)

pep. D
ky
—quCp. T _

! kw(haw_hw)

Prandtl number, ue,/k

Reynolds number, p.u.z/u,

Reynolds number, p,u.2/u,

L
Peue(haw'—hw)
parameters in equation (52)
parameters from vreference 1 in
equation (66)
pressure :
reference pressure, 1
=2,117 Ib/sq ft abs
heat flux normal to surface at a
point in the boundary layer

Lewis number,

Nusselt number

Stanton number,

atmosphere

gas constant per unit mass of undis-
sociated air, 1,724 ft?/sec®-°R
=0.0689 Btu/lb-°R

radius of body of revolution

enthalpy recovery factor

nose radius

absolute temperature

reference temperature,
=491.69° R

dimensionless static enthalpy, A/H,

velocity components in z, y, and z
directions, respectively

273.16° K

free-stream velocity

chordwise, spanwise,
boundary-layer
physical system

and normal
coordinates in

pressure gradient parameter,
(19) and (25)

heat-transfer function, eq. (24)

ratio of specific heats

transformed displacement thickness,

*(p. Of
—_——— [
fo <p 3y ) 7

eqs.
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5%, transformed displacement thickness,
J, (=57
¢ total enthalpy ratio, H/H,
O, transformed convection thickness,
“off1—¢ >
== d
J:) 0y 1—¢y K
o transformed enthalpy thickness,
J:) (1 _g‘w> d77
g%, transformed momentum thickness,
= of bf)
= (1—5=)d
J; o7 on/ 7
A yaw angle
u viscosity coefficient
o arbitrary reference viscosity coeffi-
clent
£ similarity variables, eqs. (9) and (10)
¢ function of z or £
P mass density
T shear stress
@ density viscosity product ratio,
PR/ puttn
¥ stream function, eq. (11)
Subscripts:
A M atoms, molecules, constituents of a
binary mixture
aw adiabatic wall
E evaluated at reference enthalpy hg
and local pressure
e local value external to boundary
layer
S, eff frozen, effective, for specific heat and
transport properties
) ith species of gas mixture
s stagnation point or line
w local value at surface
z, Y chordwise, spanwise
Superscripts:
* evaluated at reference enthalpy h*

’ differentiation with respect to %

RESUME OF INTEGRAL METHOD OF
REFERENCE 1

TRANSFORMATION OF BOUNDARY-LAYER EQUATIONS TO
SIMILARITY VARIABLES

The Prandtl boundary-layer equations express-
ing the conservation of mass, momentum, and
energy for the steady flow of an equilibrium

LAMINAR HEAT-TRANSFER DISTRIBUTION 3

reacting mixture of ‘‘air molecules’” and “air
atoms” on a body of revolution at zero angle of
attack or on an infinite cylinder in yaw are (refs. 1
and 9):

2 (our) 2 (pwr?) =0 ()
2t P, P4 2 (1Y) @
%) (5-0)

op_
5—0 4)

—|-pw oz bz

OH DH O
w1 0 [N a+m 2l

- (u£+v 2—2)]

where for the yawed infinite ecylinder, 7=0,
v=Constant=yv, outside the boundary layer, and
dw/dy==0 within the boundary layer. For a body
of revolution, j=1 and »=0. The coordinate
systems are shown in figure 1. Because of the
assumption of equilibrium dissociation, the con-
tinuity equations of the individual species, in
this case air atoms and air molecules, need not be
considered because the local species concentrations
are functions only of the state of the gas. In
equation (5), thermal diffusion has been neglected.

The function F is defined for the equilibrium
binary mixture by

+

NPr (NPr a

oC
Fp, iy =Wa—D b=t (32) )
p=~Const.
and is a function of the state of the gas, as are
the following properties:

I viscosity

UCp,
Np,,; frozen Prandtl number, k” !
r

¢,, frozen specific heat at constant pressure,

2. Cicy,
7
k, frozen conductivity

The simulation of equilibrium dissociated air by
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R

(b)

(a} Coordinates for the yawed infinite eylinder.
(b) Coordinates for the body of revolution.

Ficure 1.—Boundary-layer coordinate systems.

a binary mixture of air atoms and molecules in
chemical equilibriumn is based upon the similar
properties of oxygen and nitrogen atoms and
oxygen and nitrogen molecules and the fact that
ionization of the atoms is not important until
dissociation of the molecules is complete. (See,
for example, refs. 4 and 9.) As shown in reference
5, this binary mixture representation should be
valid up to enthalpies of SOOETW, corresponding
to the stagnation enthalpy for flight up to about
29,000 feet per second. All subsequent deriva-
tions and numerical results based upon the energy
equation in the form of equation (5) are restricted
to enthalpies below this limit. Higher enthalpies
are considered in a subsequent section.

Boundary conditions for equations (1) through
(5) are:

At z=0,
u=p=w=0 (7a)

and, with heat transfer
H:Hw(z) (7b)
or, for an insulated wall

oH

”a—y=0 (70)

As z—o
U=, (x)

v=v,=Constant (8)
H=H,=Constant

Transformation of the boundary-layer equations
is afforded by the definitions of the similarity
coordinates (refs. 1, 2, and 9, for example)

1 z 27
E=#—02fo P ok e (%) de=£(x) 9

w(z)
T R26—D f ple=

the stream function (satisfying eq. (1))

1(z, 2) (10)

g—fzpu <7§>J (11a)
o (1) (11b)
and the similarity-type dependent variables
(&, m) = (12)
pV2(E—E)
9, m=y (13)
6 =5 (14)

From equations (9) to (12), the chordwise velocity
profile is
of _u

or w. (15)

The function =% (x) is vet to be determined.
Transformation of equations (2), (3), and (5)
to the similarity coordinate system yields

2 (I (1-5), %
R,

— (of OF of oY
+2(E—¥) <a on0i  Of or’ (16)
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241D 2one-d (L4

(17)
ol o o¢
bn [NPr./( +F) 0 :|+<1
N
_Dn{ N =N+ F)

[t 2 (EY+a-0 2 @]}

- (3] dr df dt
+2(E—¥) (5' 2t dED > (18)

where the pressure gradient parameter B8 is
defined by
26—8) t, du,

p= u, 1. dg

(19)
and the static enthalpy ratio ¢ by

et (2L) o

On the infinite cylinder in yaw, f; is a constant
given by

h »
=p:=§— (I—t,) ¢"—(

and is thus the static enthalpy ratio outside the
boundary layer on the stagnation line (u,==0).
For the body of revolution™t zero angle of attack,
t;=1 and g=0. The function ¢ is defined by

P
Pk

Boundary conditions in”the similarity coordinate
system are, at n=0,

o)
r0.9=Z 0o=g0.0=0 @
and with heat transfer,
or for an insulated wall,
0
& 0,6=1 (21¢)
As g,
v}
L, O=g(=,D=t(=,0=1 (@2

668-943—-63——2

Equations (16) to (18) and the boundary condi-
tions are general within the boundary-layer assump-
tions for the assumed flow geometry, and the only
requirement is that the air be in dissociation
equilibrium in order that the binary mixture
approximations are applicable.

INTEGRAL METHOD FOR COMPUTING HEAT-TRANSFER

DISTRIBUTION FROM REFERENCE 1

The partial differential equations in the simi-
larity coordinates, equations (16) to (18), are in
general difficult to solve. For exactly similar flow,
all variation with £ disappears and the resulting
ordinary differential equations may be solved nu-
merically. However, exactly similar flows are the
exception rather than the rule; their occurrence is
discussed, for example, in references 1, 10, and 11.

One method of attack for the more general non-
similar flows is to integrate the equations of motion
and energy across the boundary layer to obtain
ordinary differential equations which may be
solved alter suitable approximations are made for
the velocity and enthalpy profiles. In the method
of reference 1, it is assuned that the profiles are
those of the similar type, that is, profiles which
are solutions of the ordinary differential equations
that result [rom equations (16) to (18) when all
derivatives with respect to £ are set equal to zero.
These solutions are applied at each z (or £) station
in the nonsimilar flow by using the appropriate
values of 75 and the local values of the param-
eters £, {», and B. Only one function £(£) is un-
known, and thus only one of the three conserva-
tion laws mayv be utilized. [n reference 1 it is
assuined that the heat transfer is generally of most
interest; thus, the integrated energy equation is
satisfied in preference to the two integrated mo-
mentum equations.

The results of these assumptions for the heat-
transfer distribution on blunt yawed cylinders or
bodies of revolution are embodied in the following
equation:

Plevw du,
Qo Bt, dr r (23)

QT;_ <vaﬂw> @)
Bt, J \dx /s

1+F,
Nenw '™
1+Fw§_1>
NPr.w ® s

where

I'=

(24)




6 TECHNICAL REPORT R—118—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

a1, (L
ﬁ—Pw#wuft(( >>r2 f bttt <L> Ide (25)

and where {,={u(t, b, tw, B) as determined from
solutions of the locally similar boundary-layer
equations. The complete integral method of ref-
erence 1 is represented by equations (23) to (25)
and requires an iterative solution. The simple
local similarity method of reference 1 results when
T is set equal to unity in equation (25) only; this
result is essentially the method of reference 2 and
does not require iteration because 8 is then a func-
tion only of inviscid flow and wall conditions.
With T'=1 in both equations (23) and (25), a
method essentially equivalent to that of Lees (ref.
11) is obtained; this last method was proposed
therein for blunt unyawed cylinders on bodies of
revolution with highly cooled walls and is inde-
pendent of the boundary-layer similar solutions.

LOCALLY SIMILAR SOLUTIONS FOR EQUILIBRIUM
DISSOCIATED AIR

In the integral method for computing heat-
transfer distribution just described, the depend-
ence of the heat-transfer distribution function,
Cultms, upon the various parameters for the case
of locally similar flows is required. In reference 1,
unit Prandtl number solutions provided an ap-
proximation for this parameter. Evaluation of
this parameter for real air in dissociation equilib-
rium is now described.

THE COMPUTATION PROGRAM

The equations governing locally similal ploﬁles

are, from equations (16) to (18) w1th

5

s e e e ]
(26)

(og")' +1g'=0 (27)

[Ntr,/ (1+F)§"] +f§‘,:{]%:r (I_NP7I+F)
[(ts—te)(f’)2’+(l—ts)(g2)’]} (28)

with the boundary conditions

J0)=5"(0)=g(0)=0 (292)

and with heat transfer,

§0)=¢w (29b)

or for an insulated wall
£(0)=0 (29¢)
J(@)=g(=)=(e)=1 (30)

where B8, %, %, and [, are parameters evaluated
locally. Solutions of equations (26) to (28) deter-
mine the functional dependence of ¢, upon the
parameters as required by the equations for heat-
transfer distribution (egs. (23) to (25)).

Equations (26) to (28), subject to boundary con-
ditions (29) and (30), were programed on the
IBM type 704 electronic data processing machine
and solved for wide ranges of the various param-
eters. Integration was carried out in much the
same manner as described in appendix B of refer-
ence 12. The variable gas properties p./p, ¢,
N, ; and F, obtained from reference 5, were
incorporated in the program as tabular functions
of static enthalpy, and are described in the
following section.

Thermodynamie and transport properties of
equilibrium dissociated air.—From reference 5,
equations governing p,/p and ¢ at constant pressure
are

0.6123
/ 10477( > —0.0477
% ::E/P 0.6i23 7 (31a)
&l Pe 10477( > —0.0477

g— . 0.3329
1.0213 <—) —0.0213
pU pEﬂE/Pwﬂw L

0.3329 '
pwp-w PEME/P# 1.0213 (t ) —0.0213
E

(31b)

where t/iz=h/hz and where hz is a reference
enthalpy, hy=250KT,.,.

The frozen Prandtl number was obtained from
table I of reference 5. Most of the cases were
computed with F=0, which is appropriate for
unit Lewis number. The effect of nonunit Lewis
number was investigated for a few cases by using
three different estimates for the diffusion function,
Fy, F,, and Fj, discussed in a subsequent section.
Tables of Np, «, F}, Fy, and F; are given in table 1.
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These functions are assumed valid for the ranges
h
0.01525—=<2
he

1074<p/p,es =10

as in reference 5. Note that use of these gas
properties introduces another parameter (fz=hg/
H,, representing the level of the total enthalpy
outside the boundary layer) which must be speci-
fied in order to obtain locally similar solutions.

Limitations on parameters.—The primary limi-
tation on the local enthalpy in the boundary layer
is determined by the validity of the gas property
correlations as

0.0152= =2 (32)

12
tw

&=

The lower limit represents the enthalpy at a
temperature of 300° I{; the upper limit is equal to
the free-stream total enthalpy 1in atmospheric
flight at a velocity of about 29,000 feet per second.
Values of the yaw parameter, ¢, of 1, ¥, },, and
140 were chosen, and values of ¢, were assumed to
be within

o~
-~

0.2

IA
|

<i

o~

$

The lower limit should include isentropic expan-
sion from a stagnation line to free-streaim pressure
for most practical conditions.

Consistent with the limits in equation (32),
values of the enthalpy-level parameter ¢, were
chosen corresponding to free-stream velocities up
to 29,000 ft/sec ((z=0.5) for zero yvaw (f,=1).
For finite yaw the stagnation-line enthalpy is less
than the free-stream total enthalpy and values

of the enthalpy-level parameter may be so chosen
29,000 feet per
cos A

second. A limit was arbitrarily set for these cases

such that

that the maximum velocity is

I,<3hs <tE > % V. <35,600 ft/sec)

For heat-transfer cases the wall temperature was
restricted to the range from 300° K to about
1,750° K, or more specifically

hw

0.0152§b—§ 0.1

for all enthalpy levels. For this wall enthalpy
range, F, was always zero and hence any nonunit
Lewis number effects were secondary effects caused
by boundary-layer profile distortions away from
the wall. These effects were expected to be small.
Insulated wall cases were computed only for cer-
tain conditions where the total enthalpy outside
the boundary layer did not exceed 2hz even for
large yaw.

Values of 8 from zero to about 3.5 were used.
Above this limit, solutions of equations (26) to
(28) were not generally obtained because of numer-
ical difficulties.

Solutions obtained.—Tables II, III, and IV are
a compilation of the results of the program for
equilibrium dissociated air. Table IT lists all the
cases and serves as a key to the solutions given in
tables 111 and 1V. 'The values of flight velocity
shown in table IT were computed by using a nomi-
nal free-stream static enthalpy of 3.8RT,.,=
0.0152hg. Shown in tables LII and [V are only
selected results at a few pertinent values of B;
solutions actually were obtained at up to 20 differ-
ent values of g between 0 and 3.5. For the special
case of t,=t, I'=0, solutions of the outer limit
equations for B—« (see appendix B of ref. 1)
were obtained with the dissociated air properties
to aid in obtaining heat-transfer correlation formu-
las; these are displayed in the appropriate loca-
tions in table 1TI. Listed (for '=0) are the values
of £, 4w, £ (or 7) and, for heat-transfer cases, the
displacement thickness, Af%. Other pertinent
thicknesses may be found from these values and
equations (A9) to (All) of the appendix. For
nonunit Lewis number (table 1V), only ¢, or 7
are shown.

The discussions that follow center primarily on
results for the heat transfer, that is, ¢,. Discus-
sions regarding recovery factor and skin-friction
functions are limited to certain special cases.

EXACT SIMILAR FLOWS

For flow on an isothermal flat plate, axisym-
metric stagnation flows, and stagnation flows for
the yawed infinite cylinder, solutions of equations
(26) to (28) yield the corresponding exact bound-
ary-layer profiles because, in these cases, no varia-
tion with £ is present. First to be discussed are
solutions for the cases for which unit Lewis number
(F=0) 1s assumed. The effect of nonunit Lewis
number is then discussed.
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Flat-plate flow (F=0).—Flat-plate flow is repre-

sented by equations (26) to (28) with =0 because,
du,

for a flat plate, 7:5—0'
(27), (29), and (30), it is apparent that g(n)=7"(n)
and thus the system of equations for this case is
independent of the yaw parameter ¢. For an
isothermal wall, ¢, is constant and the require-
ments for similarity are satisfied. Solutions of
these equations are found in tables IIl(a) and
IT1(b) for a wide variety of cases. Skin-friction
and heat-transfer coefficients were computed from
the transformation equations as

From equations (26),

1/2
CfV NRe:'\/ifllo/ (Bﬁ’f’) (33)
AT 1 g_zll (lﬁr“u) ‘
N 1 N e — .. - - 34:
s —‘/ # JQNP,'/. w Saw—SCu \ Pelte. (34)

The skin-friction coefficient as computed from the
similar solutions is shown in figure 2 plotted against
Pelie/ Pt TOT a few values of ¢, the parameter indi-
cating the effect of local Mach number. For a
perfect gas with constant specific heats

2 1
22_;_ ——
Me=2 | (te 1)
and the values of the local Muach number for
v=1.4 are also listed in figure 2.

3

ﬂ%n\o !
K J
ko3
a
a

o

&
L4

A

d

7]

[
L

Similar solutions

IS
.

L
B
oY
b

&

w
T

Skin - friction coefficient, ¢y //vﬁ,e
o

01235 20 R — 1

o
T

—— Reference enthaipy method (ref.13) J 1
. B L

I N L L -
0 2 4 6 8 1.0 12 14 16
Ratio of density - viscosity product, £ He /Pyt

Ficure 2.—Laminar flat-plate skin-friction coefficient as
£ Pe e

Pulbw

a function o for equilibrium dissociated air.

Nr.=1. Open symbols represent present solutions;
filled symbols represent perfect-gas solution of reference
15.

For each value of ¢, the numerical data plot
as a single curve, independent of total enthalpy
level £z and surface cooling ratio ¢,. Shown for
comparison in figure 2 are results obtained by
using the reference enthalpy method of reference
13 applied with the properties of equilibrium
dissociated air from reference 5. The equations
for this approximation are

¢,vIN re=0.664 \/ d ‘; (35n)
t 0.3329
.« 1.0213 <t—> —0.0213

- %~ 0.3329
Pebe 1 0213 (ﬁ—) —0.0213
E

h* _t*_t o) _goor (1L
E;_tﬁ_tE[O"r’(Htc) 0.227 <1 t)] (35¢)

where 7 is the enthalpy recovery factor taken
here as a constant equal to 40.7 for simplicity.
(See fig. 3(a).) Results of the reference enthalpy
method are also essentially independent of ¢z and
{w and give lower skin-friction coefficients than
the exact solution by at most 5 percent. A
modified form of the reference enthalpy method
which might have slightly improved accuracy is
given in reference 14.

Shown also in figure 2 are a few points computed
for a perfect gas with the Sutherland viscosity-
temperature relation (ref. 15); these latter points

88

87 -
I
= 86
S
g o k=219 j
> .85 1t =1.73|
2
8
® 84
oy I o7
§.83_or,:—=o.e| ryor--
w

o/ =062
82 -1+
.8l 111
0l .02 .03 .04 06 08 |

Static — enthalpy ratio, /s

(a) Recoverv-factor dependence upon static-enthalpy ratio.

recovery factor for
Np.=1.

Ficure 3.—Flat-plate enthalpy
equilibrium dissociated air.
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were appropriate only for a free-stream tempera-
ture of —67° F, but the results should be inde-
pendent of free-stream temperature when plotted
as a function of p.u./pwun. Significant differences
occur only for low speed, high-enthalpy-level

boundary layers (t —>1 Pekle <<1> Elsewhere the

real-gas effect is less th&n 5 percent on the skin-
friction coeflicient.

The enthalpy recovery factor was investigated
for a few cases picked at random and the results
(from table IIT(b)) are shown in figure 3. From
figure 3(a) there appears to be no simple correla-
tion function for recovery factor directly in terms
of ¢, and ¢,, However, 7 never deviates far from
the nominal low-speed value, /0.7 (for a perfect
gas with a constant Prandtl number of 0.7). For
a variable Prandtl number, the approximation
7=~+/N%,., has been proposed (ref. 13). Most of
the data are within two percent of the values
predicted by this approximation as may be seen
in figure 3(b).

Flat-plate heat-transfer coefficients were in-
vestigated in terms of the Reynolds analogyv
factor Ny /c,, a ratio which is very closely approxi-

. 1 . .
mated by the function 5(Np,) 7** for a gas with con-

The

stant Prandtl nwmber. accuracy of the

Approximate recovery factor, ‘/N*p,,/
{ g ® @ ®
& R o ) N
3
1

o]
N

.81 .82 .83 84 .85 .86 .87 88
Exact recovery factor, 7

(h) Comparison of approximate and exact recovery factors.

Frgure 3.—Concluded.

variable Prandtl number counterpart of this relation,

Nl (s, - (36)

Cr

is shown on figure 4 where this relation is compared
to the results of the flat-plate similar solutions.
In computing the Stanton number from the
similar enthalpy derivative (eq. (34)), approxi-
mate values of 7=+ N%, , were used. For most
cases, the ratio of wall enthalpy to free-stream
stagnation enthalpy (¢,) was far from unity and
the error introduced by this approximation should
be very small. Those cases with 0.2<¢,<{2 are
shown as the flagged points in figure 4, and for
these points, use of an approximate recovery
factor could possibly introduce a large error. Two
points in this group are particularly far from the
correlation. For five of these cases (with 0.2
< w<l2), the exact recovery factors were available
and were used in recomputing the Stanton number.
The results are shown in the figure as the filled

67 [ l g ~|

66 . ‘ !
|

65! -

(o]
64 ° - —]
°¢ 2/3
-2/3 4 |
'63} - Nsyfep = W,
62

.61

60 S

o Dota with 7 = VN, /, Lo {§ g:g

o Data with 7 = VN %, s, 025,520

59

Exact Reynolds analogy factor, Ns,/c,

.58

57

@ Dota with exact 7,

B - /LI_ Jj
ssbo 11

59 60 6l 62 6 64 66 67 68
Approximote Reynolds analogy foctor, 2(/\/ Pr. ,) 273

02st,220

Ficure 4.—Comparison of exact and approximate Reyn-
olds analogy factors for flat-plate flow of equilibrium
dissociated air. N..=1.
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points, each corresponding to the flagged point at
the same value of —1‘5(Nj£.,. ,)~¥%; this correction

improves the correlation of the two worst points
significantly. Thus, use of equation (36) should
generally give results within about 4 percent of
the exact solutions for Ng/e,, and for the most
part would overestimate this ratio. When equa-
tions (35) and (36) are combined to yield Ng,, the
values predicted should be very accurate for most
cases because the errors in ¢, and Ng/je, are
generally compensating.

Axisymmetric stagnation flow (#=0).—The
boundary-layer flow at the stagnation point of
a body of revolution at zero angle of attaclk
(E———du”:Constzmt,, j=1> is described by solu-

z dz i}
tions of equations (26) and (28) with {,=f=1

o

I o

Simifar solutions

o Axisymmetric stagnation paint

O Yawed-infinite - cylinder stagnation line

and ﬁ:%- The heat transfer for this case is

conveniently described by the Nusselt number,
given by (see appendix)

_Nyvuw | _2¢ \ '
(NRe. w)”2]s'_1—§’m (I—I_I’u‘) (57)
Correlations of the numerical results (table

T1I(a)) were sought in the form of [Ny, ./(Np:. 7 »)%*
(Nge )% as a function of the pu ratio across the
boundary layver and the results are shown in
figure 5 along with the correlating function

N u w Pele 048
(Np,r, wﬁ)ﬁt(z\rm' o) 5:L:0.767 (m;)s (38)

which fits the numerical data within about 45
percent. The Prandtl number dependence was
assumed to have the same form as that for a

|

(Nﬁe, W)O'S ]

N/VU, w
0.4
)
©

(NPr, Fwl
o
\

Nusselt number parameter ,

- e

Fiaure 5.—Stagnation-flow heat-transfer parameter as a function of (

[ | L | - J

K 5 k) 7 8 9 | 2
Ratio of density viscosity product, (PE#E/P,FW)S

Pe Mr
Pu

) for equilibrium dissociated air. N, =1.
8
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constant Prandtl number gas and its inclusion
in the correlation function resulted in a slightly
smaller scatter of the data than if it were omitted.
Such a dependence upon Prandtl number would
not be expected to apply if the Prandtl number
variation across the boundary layer were more
extreme than that for the frozen Prandt]l number
used herein.

It is noteworthy that the coefficient and ex-
ponent on the right-hand side of equation (38)
appear to be very little dependent upon the gas
properties used in solutions of the differential
equations, at least up to the onset of ionization.
For example, for the case of constant fluid prop-
erties (incompressible fluid), the coeflficient and
exponent obtained are 0.763 and 0.5, respectively
(ref. 16). Corresponding values of 0.768 and
0.4, respectively, were obtained for equilibrium
dissociated air with unit Lewis number (ref. 9)
and for a perfect gas with constant specific heats
(ref. 17), where in both cases the assumption of
the Sutherland viscosity relation and a constant
Prandtl number were employed. Although the
Nusselt number parameter of equation (38) is
little influenced by fluid properties, the heat-
transfer rate may be more strongly affected. For
the correlation of equation (3R8), the heat-transfer
rate may be written

_Qw, \:0767(*7\7' Pr, f. u)s_OIG(H hu)s‘
()
(pc:ue").s (pu.‘-‘u‘)O o ‘\/(( Ye (39)

For two different estimates of the high-tempera-
ture transport properties of air, the corresponding
stagnation-point heat~-transfer rates will be in
proportion to the 0.43 power of the stagnation
viscosity, all other quantities being equal. For
example, the ratio of Hansen’s viscosity to the
Sutherland viscosity at 29,000 feet/second is as
much as about 1.35, depending upon pressure level.
If each of these viscosity estimates is used, the
computed heat-transfer rates would be different
by as much as 15 percent. As better estimates of
the transport properties of equilibrium dissociated
air become available, a correspondingly better
estimate of stagnation point heat-transfer rates
should be possible through the use of equation
(39) without modification of the coefficient and
exponent arising in equation (38) provided that
the frozen Prandtl number does not vary grently
about a mean value.

LAMINAR HEAT-TRANSFER DISTRIBUTION 11

Stagnation flow for yawed infinite cylinder
(I'=0).—With B=1 and ¢=t,<1, equations
(26) to (28) represent the stagnation line boundary
du,

layer on a yawed infinite cylinder (—

=Constant, j:O>- With F'=0, solutions for 49

heat-transfer cases were computed with values
of the yaw parameter ¢, of 1, 1/3, 1/10, and 1/30
(table III(a)). From the appendix, the Nusselt
number function is given by

NNu,w g—w
P o] R e DI

In the computation of this function from the
sinilar solutions, a recovery factor of 0.85 was
used as an approximation to the exact values
which varied from 0.84 to 0.88 for those insulated-
wall stagnation-line cases computed in the present
program as well as those of reference 17 for a
perfect gus.  (See tuble ITI(L) and fig. 6.)

Results are shown in figure 5 along with the
following correlating functions:

TFor <peue <1,
Pukw/ s

NNu ) < Rc_l_’-e) 43
I:(NPr. Ia w) (NRc u)o 5] =05 Puwltw/ s (41a)

89— C
| l 1 | T
|
I o . l
88 } 1 J 1
f\_ O Present solutions, equilibrium
S dissocioted air (4 =0)
S 87— T~
£ O Perfect gos, Sutherlond viscosity
Y Np, = O.7 (ref. I7)
3
g
= 86— - +-
El o
c
w
85(—--—--—- Ot -
o [
a a
o}
o}
84aL. . I J o ,JL
A 2 3 4 5 6 7 8 910

Stagnation line enthalpy ratio, 4o = /s

Ficure 6.—Enthalpy recovery factor for yawed infinite
cylinder stagnation line. Np.=1.
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For <%> =1,
Pubbw/ s
NNu P ( Pelke )0'67
L(NPr FA w) (NRe w)o 5_' =0.57 Puwkw/s

which fit the numerical data within about 4-7 per-
cent independent of the enthalpy level. The
reason that two functions have been used here to
better fit the data is that at large yaw, values of
(pette puitn) s greater than unity may represent prac-
tical high-speed flight conditions with a highly
cooled wall, whereas at zero yaw or with axial
symmetry, values of (p.u./putin) s Will always be less
than unity for highly cooled walls.

Equations (41a) and (41b) may be compared
with the results for perfect air with constant
specific heats, constant Prandtl number, and the
Sutherland viscosity relation (ref. 17), which
correlate as

Nu, v _ Pele 0.4
[(NPr w) (NRe w)o 5 =0.577 (Pw,uw)s (42)

and little effect of the gas properties is seen for
(£2) <1, For (e
PuwMw/ s

Pulw/ s
and those of reference 17 do not compare as
favorably.

Because at the stagnation line of the yawed
infinite cylinder moving with wvelocity V. the
local external properties are the same as for
an unyawed cylinder at a velocity V, cos A,
equation (41) should be valid for velocities up to

_ 29,000

" cos A

The effect of nonunit Lewis number.—Before
the solutions obtained herein for nonunit Lewis
number are discussed, a review of the mechanisms
for the transfer of energy in a reacting mixture of
gases appears desirable.

At a point in the equilibrium binary boundary
layer the heat flux normal to the surface is given
by (ref. 5)

(41b)

>1 the present results

feet per second.

oT
—q= kfa ~+ 0D a5 (ha—har) <OOA> —alf (43)

p=Const. 0z

The first term on the right-hand side represents
heat transfer by “ordinary’ conduction (transfer
of energy through collisions of particles) and the
second term represents transfer of heat through
mass diffusion of the reacting species. The first

term may be put in terms of a static-enthalpy
gradient (see ref. 5), which yields for the heat flux

~wi (52 1= (55)
_—‘NPr,f (aZ 1 hM) p=Const,

oC,
—l—NLe (hA—hM) %ﬁ)p:ﬂ'ollé‘t.] (44)

Now the first two terms in the brackets of equation
(44) represent ‘‘ordinary’’ conduction while the
third term represents heat transfer by mass diffu-

. . oC
sion. The two terms containing <—4 are
ah p=Const.

direct functions of the chemistry of the flow and
the other term is comparable to the low-speed,
perfect-gas result. Equation (44) may be written

—v— (Du+ren @

where F(p, k) is given by equation (6).
For equilibrium dissociated air, hs—h;; >0 and

(2@1) >0 for the simple binary model of
ah p=Const

reacting atoms and molecules. Thus, for Ny, >1,
F>0, and for N..<1, F<0. For unit Lewis
number (F'=0), the two terms in equation (44)
depending directly upon the concentration deriva-
tive, one arising from “‘ordinary’’ conduetion and
one representing mass diffusion, just cancel, and
the heat-flux expression takes its low-speed form.
When the Lewis number is locally greater than
unity (F">0), the effect is to increase the heat
flux in the boundary layer relative to the case for
N..=1, whereas for Lewis number less than unity
(F<0), the local effect is to decrease the heat
transfer.

The effect of diffusion for constant values of
N;. of 1.4 and 2.0 was considered in reference 9
for axisymmetric stagnation flow, and it was
found that the surface heat transfer was increased
a significant amount relative to that for N,.=1,
because the funetion F' was equal to or greater
than zero throughout the boundary laver. A
more realistic estitnate of the Lewis number was
given in reference 4 and varied from about 1.4 at
low enthalpy to about 0.6 at the enthalpy for
complete dissociation. In reference 5 it was
surinised that the corresponding variation in F
across the stagnation-point boundary layer (from
F<0 at the edge to F7>0 near the surface) would
decrease the influence of nonunit Lewis number
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from that given in reference 9. It was further
estimated in reference 1 that for the diffusion
function herein designated F, the effect of nonunit
Lewis number would be to increase the stagnation-
point heat transfer by at most about 6 percent.
The solutions presented herein (tables 1V (a)
and IV (b)) were obtained by using three different
estimates for the diffusion function. The func-
tions Fy and F; represent the diffusion function for
equilibrium dissociated air computed in two different
ways, where the variable Lewis number as a function
of enthalpy from reference 4 is used. The function
F, is computed from equation (6) and is given in
table I of reference 5, while F; is given by the
&"—’—1 (see table II of ref. 5).
Pr,eff
These two functions show some similarities (fig.
9 of ref. 5) and are thought to represent the
properties of air better than the function F,
computed from equation (6) with N,,=1.4 (fig. 6
of ref. 5). In all cases considered herein (as well
as the nonunit Lewis number cases of ref. 9), the
surface enthalpy was sufficiently low that F,=0
(no diffusion at the surface). Thus the effect of
I upon the surface heat-transfer rate is directly
proportional to the effect on the derivative ¢,,;
these effects are dependent upon distortions of the
enthalpy profiles in the boundary layer caused by
the nonunit Lewis number diffusion function.
Because of the weak coupling between the
energy and momentumn equations, the effect of
nonunit Liewis number upon skin friction was
found in the present solutions to be negligible (at
most & 1 percent effect upon £, and g¢,,), regardless
of whether F,, F}, or F; was used. These results
are not shown in the tables. Turning to the
heat-transfer rate, for the axisymmetric stagna-
tion point, the results obtained by using F; agreed
with those of reference 9 for N;.—1.4 and indicated
an increase in heat-transfer rate reaching 15 per-

relation Fy=

cent for fully dissociated air <%=2,tE=O.5 .
¥ o4

Because the assumption of N.,=1.4 appears in-
correct, the results obtained by using F, are not
considered further.

$o(F)
Plots of m
7(F)

FF=0) for =0 and 1 for ¢,=i¢, are shown in

for =0, 1/2, and 1 and of

figures 7(a) and 7(b), respectively, for those cases
computed with the diffusion functions F; and Fs.
668943— 63— 3

For the axisymmetric stagnation point problem
<ﬁ=%>; the effect of nonunit Lewis number is
within the limits

Qu s(F=F)
Qw, s(£'=0)

F=Fy)
1.0<sF=F3) ) 40
0% g s (F=0) =

0.98< <1.05

(46)

and because the Nusselt number is proportional
to ¢./(1—¢,), the same relations hold for the
Nusselt number function. The influence of the
diffusion function upon {;, is very weakly a func-
tion of B, so that for the flat-plate (8=0) and for
the yawed-infinite-cylinder stagnation line (8=1),
relations nearly equivalent to equations (46) are
valid. In these Ilatter cases, however, heat-
transfer coefficients (e.g., Stanton and Nusselt
numbers) are proportional to ¢u/(Cew—"1w), a1,

_|s Mo o Lo
Wi o F=F
5|y 108} F o F=Fz T
g oa =0
£ 106 dd B=124+tH
- o B=1
g he]
2 104} {4 - - 1 -
2 o
%I,’ 102 . §_P F ? -
)
2 100t 41— 2] .
c
Q
5 98
E (a) 1
Y 96} LIl
5 T 1T
-0
W W
W% 10ar
o o)
2 102t
2
5 oo} = - ol {4
8 a4
,E, o8| L : : L -
3
¥ eel L
a8 o
2 oo —fo o
E 94— RS 2
L © T | b
92y o 100
Enthalpy -level parometer, /-
$a(F) ,_
@ wrip=g for F=Fs Fs.
F(F)
b)Y = = .
(b) F=0) for F=F,, F3

Figure 7.—Effect of diffusion for nonunit Lewis number
for equilibrium dissocidated air. {,=t,.
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so that the diffusion effect upon 7 must be taken
into account when the dissipation is large (when

te<1). This dependence is roughly, for those
cases computed,
F(F=F)
0.93S =gy S1.06
(=) (47)
r(F=F,

approximately independent of 8. Thus, when a
heat-transfer coefficient is computed for highly
cooled walls and large dissipation ({,=0, ¢.<1),
the coeflicient is proportional roughly to g¢,/7.
For those cases where both ¢, and 7 were computed
by including nonunit Lewis number diffusion,
the results are

L (r=ry
amfg <1.07
= (I'=0)
48
0 r (48)
2 (F=Fy)
r
1.0 gq <1.10
= (F'=0)
J

The results contained in equations (46) to (48)
confirm the estimates made in appendix A of
reference 1 and support the assumption that the

at constant ¢, and #z.
dependence of {,,/{, . on each of the parameters.

$u (B, ey $u) A CR D)

;(ﬂ:l’ te, g.w)

effect of nonunit Lewis number diffusion may be
neglected for equilibrium dissociated air with the
transport properties as given in reference 4 and
with walls sufficiently cold that no atoms diffuse
to the surface. Based upon these results, the
effect of nonunit Lewis number is neglected for
the discussions that follow, except in the section
extending the similar solutions to velocities above
the nominal 29,000 feet per second limit for fully
dissociated air, where a different method of ex-
pressing the gas properties is employed.

LOCALLY SIMILAR SOLUTIONS FOR THE HEAT-TRANSFER-
DISTRIBUTION PARAMETER

To determine the heat-transfer distribution for
a given configuration and inviscid flow requires
the solution of equations (23) to (25), a system of
three equations with four unknowns, ¢,/qy, s,
T, {w/tws, and B. The fourth required relation,
one between ¢,/{n s and B is provided from the
locally similar solutions of table III(a) (heat
transfer, #'=0). In general, the surface enthalpy
derivative {,, may be written in functional form as

g-;azg-lla(ﬁy ts; tE;tE'y g‘w) (49)

For a given blunt configuration with given inviscid
flow and wall enthalpy, the distribution of the
enthalpy gradient is given by

$o _ tw(Bte, tw)
Cos $ulBs, te=ts, Cus) (50)

Equation (50) may be broken into a product of various factors representing the
Thus

{;(le, te:tsy o s)

.(:a(ﬁ.n te=1s, g‘w.s): g-:a(B:]-; te, rw)] [{,’,,(B=l, t.=t%s, fw)

The first factor on the right-hand side of equation
(51) represents the dependence of ¢1,/fn. s upon B;
the second factor gives the effect of chordwise
dissipation, the third factor represents the effect
of a nonisothermal wall, and the fourth factor is
merely the reciprocal of the first evaluated at the
stagnation point or line. Detailed analysis of
the numerical solutions indicated that each of
these factors may be approximated by correlation
formulas which are discussed separately in the
following paragraphs.

g';a(ﬁsy tezts; .(w.s)
(51)

:,[ f:p(ﬂ:l, te="1,, g‘w)
f,’,(ﬁ:l, te=ts, {w, s)

The B-dependence.—The first factor of equation
(51) was investigated first for the special case
te—t; (no chordwise dissipation). Plotted in
figures S(a) to 8(d) are the data from tables I1I(a)
as functions of 8 for values of ¢, of 1, 1/3, 1/10,
and 1/30, and for various constant values of the
parameters {z and {, For high enthalpy level
(low #z) and highly cooled walls (low {,), all the
data correlate as a single curve for each #; inde-
pendent of ¢z and ¢,. These data were fitted to
a function of the same form as that of reference 1,
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_g.wla(ﬁ; te=1s, g‘w) 1+PgY

To(B=1, l.=1,, tw) QL RE" (52)

where the parameters P, @, R, and N are functions
of ¢, as given in the following table:

1 P Q k N

1 0. 527 1. 116 0. 411 0. 686
1/3 . 759 1.193 . 566 . 677
1/10 1. 195 1. 344 . 851 . 629
1/30 1. 850 1. 558 1. 292 . 612

Note that B=1+P—€@. Solutions as f—= were
used to aid in determining these parameters.
Equation (52) with the appropriate parameters
P, Q, R, and N is valid independently of ¢z and
¢» within about 5 percent for 0.55 <« provided

AERONAUTICS AND SPACE ADMINISTRATION

that g‘"’<1 0. For 0<850.5, the error may be

shghtly larger. This function is shown in figures
8(a) to 8(d). Plots of P, @, and N against ¢,
for these conditions are given in figure 9 to aid in
interpolation. The parameters P and @ plotted
as smooth curves in figure 9, but because the
choice of points through which to pass the cor-
relating function (eq. (52)) was somewhat arbi-
trary, the parameter N plotted somewhat
irregularly and is shown in figure 9 as a set of
discrete points joined by straight lines. Equa-
tion (52) should not be sensitive to the value of N.
The effect of ¢,<[t, upon the B8 dependence was
next investigated. Shown in figures 10(a) to 10(d)
$u(By tey $u)
=1, b, ¢
in the range

are plots of the parameter

various constant values of ¢,
t

0.2=< t_e<1'0 for constant values of ¢z and ¢, and
8§

for t,=1, %, Yo, and Y%o. The correlation relation
for t,=t; (eq. (52)) is also shown in these figures,
and it is evident that an effect of chordwise
dissipation appears in the B dependence. For
zero yaw (¢,=1), this effect is negligible, at least
for 0 =B8< 3.5, but as ¢, decreases, the data diverge
from the {,=¢, correlation function. It was found
that these data could be correlated somewhat
better by the modified function

(;(B: te:g-w) — g‘w(ﬁt s;S-w)
f:u(ﬁzlytesz) (ﬁ 1 t_ts;g‘u>

[1+0 0500~ (1-2) (55577 26+1>] (53)

The form of the correction in brackets was chosen
such that it was unity for zero yaw independent
of ¢, as the data seem to indicate. No numerical
results for S—« were available and the constants
in the correction factor of equation (53) were
determined solely from results in the range
0=8=3.5. The accuracy of this function is about
5 percent over this range except again near 8=0,
where errors may reach 10 percent. Figure 11
illustrates the correlation for the case £,=0.1.
Although because of program difficulties it was
not generally feasible to obtain locally similar
solutions for 82>3.5, a few solutions were obtained
for values of 8 to about 4 (these are not shown in
the table) and no significant deviations from the
correlation of equation (53) were found.
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Ficure 9.—Interpolation plots of parameters P, @, and N as a function of yaw parameter ¢, for T=1
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(a) {,=1.
1
®) t=y-

upon 8 f <.

Similar solutions

te/ % /3 L
o 0.8 10 0.50 a
d 6 10 50 o
0 .4 10 50 P
© .2 10 50 0
o .8 | .0152 a
o 6 | .0152 &
D 4 [ 0152 4
o 2 ! .0152 bl
<o .8 !
& .6 |
b 4 |
0 2 i

do qo

SV Qe doao

NpO® MR NMBhO

\
’e/’s Va3 Cw J
0.8 | 0.10 B
6 1 10 |

4 I .10

.2 | Rlo]

.8 5 05

6 5 .05

4 5 .05

2 5 05

S S

Similar  solutions ‘

bw

e

3.33
3.33
3.33
3.33

667
.667
667
.667

333
333
.333
.333

0.05066
.05066
.05066
.05066

.040
.040
.040
.040

03333
.03333
.03333
.03333

Equilibrium dissociated air; Nip.=1.
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Frgure 11.—Typical result after elimination of l—‘<1 effect from factor ——S— =2
ts g'w(ﬂ=1,te, g-v:)

£ulBy tey L) Equilibrium dissociated air;

NL5=1; t,,=0.1.

The final result for the first factor of equation
(51) is then

ColBytey ) _ 1+PB‘V>
g‘;ﬂ(ﬁzl,tg,g‘w) Q+RﬂN

[1 10.050(1—1,) <1—§:-) (o.g;L)] (54)

valid for {w =1 but otherwise independent of #

t,
and ¢, Equation (54) is accurate within about
5 percent for the range 0.5<8<4 except when
te=1t;, where the same accuracy extends to infinite
B. For the range 0=p<0.5, accuracy is about
10 percent. Equation (54) may be accepted
tentatively for >4, t.<¢,.

The effect of ¢, at constant 3.—The effect of {,</¢,
at constant B8 (equal to unity as required by the
second factor on the right-hand side of eq. (51))
was determined from the numerical solutions as
independent of ¢, ¢z, and {, when plotted as the
ratio -

g‘;a(ley te; g‘w) g‘;(ﬁ:l, te:ts, fw)_
.(aw(te)_g‘w f‘aw(te:ts)—g‘w

with 7 taken as a constant equal to 0.85 for con-
venience. All the available numerical data are
shown plotted in this form against ¢/t in figure
12. Use of the exact recovery factor where
possible instead of the nominal value of 0.85
reduced the scatter only slightly and because no
convenient correlation formula or plot was found
for 7, the correlation using the nominal value was
considered to be satisfactory.
Shown also in figure 12 is the function

g-:o(ﬁzly Ley ~<-u7)

g-aw(te)_g-w . _ E (E)z
s“;(6=1,tg=ts,g_w)_.—1'1 0.1625 ts+0’0625 ts

g‘aw(te:: ts) —$uw

(55)

which correlates the data within about + 5 percent.
The second factor of equation (51) may be found
from equation (55) as

$uB=1,8,¢w)  0.8540.15¢,—¢,
;‘l’l:(B:]-’ te=t5y g‘w) —0'85+0'15ts_§_10

2
[1.1—0.1625 %‘5+0.0625 (;-) ] (56)
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Ficure 12.—Decpendence of the factor Coall) — o Conllomt) —tu upon t./t,.

Correlations for the nonisothermal wall term.—Because the third factor of equation (51) is evaluated
at B=1 and t,=t,, the yawed infinite cylinder results (eq. (41)) provide a correlation. Equations (40)
and (41) may be combined, the assumption again being made that 7=0.85, to yield the ratio
$u(B=1,t,=1,, {u)

g-w>|: NP"JW -4 [‘p(tEyt-t\)g-w)]o 45 or 0.67
ColB=1,t, =15, Cus) —tws) LNVor 1 0)s

[o(tn, t=1,, {105 0480T 067
where the values of ¢ are given by equation (31b) and the choice of exponents depends upon ¢ as in
equation (41); that is, 0.45 for ¢<1 and 0.67 for ¢=1. If the correlation is restricted to cases in which

5;—"’§1 (as for the other factors in eq. (51)), then from equation (31b) »<(1, and equation (57) may be

simplified, for g-’"<1, to

0.854-0.15¢,—
0.85--0.15¢,—

(57)

g— 0.3329 0. 45
o 10213( ) —0.0213

§‘ So.3320
1.0213 < 2. s) —0.0213

Relation for dependence of heat-transfer parameter {,/¢, . upon B,,—The fourth factor of equa-
tion (51) is merely the reciprocal of the first evaluated at 8., t.=t, and {,,. Using equation (52)

<valid for %§ 1) yields for axisymmetric flow (Bs=§, ts=1>; with {,s<1,

Co(B=1, t,=t,, {u)
CoB=1, t=1,,$u,s)

(58)

0.85-40.15¢,— ) l: Nr: s
0.8 85+0 15¢,—Cu, s (Ner s ws

;w(ﬂ 17te_t larw.s)=1.033 (59)

g-w(B'_;; te_t _l;g‘W.s)

668943—63——4
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For the yawed infinite cylinder 8;=1 and the factor in question is unity independent of ¢, and {,.

A relation encompassing both of these cases is

gpila(ﬁzly te=1ts, g—ws):(1033)_1 (60)

{;(Bs; te=

tS) g-w, S)

with j=0 for the yawed infinite cylinder and j=1 for a body of revolution.
Complete correlation formula for heat-transfer-distribution function.—The final result for the heat-
transfer-distribution function ¢,,/¢4, s is obtained by substituting equations (54), (56), (58), and (60) into

equation (51), which yields

S i (1P [ _ L ﬂ;l][ _ te
£r-=(1.033) Q+R6N> 14-0.050(1 ts)(l ts><0.26+1> 1.1-0.1625

T/ 0.85--0.15¢,—
+0.0625 (t> ] <0.85+0.15t

This equation is valid for the conditions §w<1

and B>0 but is otherwise independent of
enthalpy level (¢z) and wall enthalpy (¢,). Equa-
tion (61) has a maximum possible error of about
15 percent compared with values obtained from
locally similar solutions, and when used in con-
junction with equations (23) to (25), completes
the description of the laminar heat-transfer
distribution on a blunt body of revolution or a
yawed infinite cylinder.

Comparison with other solutions.—For a blunt
body of revolution, the present correlation for-
mula (eq. (61)) may be compared with that for
equilibrium dissociated air with unit Lewis num-

and (61) (with §=0, f,=1, j=1,

qw
Qw S

Puk e
= | 20uitw

pol/2E

Equation (62) was derived in reference 2 for
values of 8 no larger than 2. Equation (63), on
the other hand, is valid for all positive values
of g if t,=t;. For t.<t;, equation (63) was de-
rived by using numerical data for values of g
up to 3.5 and is thought to be a reasonable approxi-
mation up to values of 8 of about 20. Equations
(62) and (63) are compared in figure 13 for various

)[ NPr.f.w
g_ws (NPr,f,w)s

14-0.5273% 986
>:|‘”2 =1.033 <1 116-0.411p30-%%¢

g— 0.3329 0. 45
ol 1 0213( "’) —0.0213
- (61)
—0.0213

0.3329
1.0213 (fi>
te

ber from reference 2. The comparison is restricted
here to the case with an isothermal wall with
w1 for convenience. Ifitismnoted that B¢ of the
present report is the 8 of reference 2 and that
#ulL? of the present report is ¢ of reference 2,
the heat-transfer distribution from the reference
may be written in the present notation as

<Q1v s)re/ 2

Pkt wlhe” [ 00l (hl/ >]_1/2
#OL-\/'2_E w0~

The equivalent expression for the present solutions
is obtained from equations (9), (19), (23), (24),

__1+40.096+/8t,
T 1.068 (62)

F,=0, and {,=¢,:<1) as

)(O.S5—|—O.15te) (1.10—0.1625¢,4-0.0625t2)  (63)

values of ¢, over a range of 8 from 0 to 20. The
two sets of curves show qualitative differences
arising because of the character of the dependence
upon (3. Equation (62) (ref. 2) tends to infinity
as f approaches infinity whereas the present
result remains finite. For values of ¢, of 1 and
0.6, this is seen in the divergence of the correspond-
ing curves in figure 13 as § increases above 10
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' Ficure 13.—Dependence of heat-transfer distribution
funetion upon g8 and ¢, for a blunt body of revolution.
tw=0.

However, for t,=0.2, this divergence must occur
at values of g8 larger than 20. In the range of 8
between 0 and 10, the two equations differ by
at most 5 percent for £,=0.2 and are in much
better agreement for the larger values of ..
The present correlation (eq. (63)) should provide
a better representation of the numerical data than
that of reference 2 (eq. (62)). However, over
the range of g usually encountered (roughly that
shown in fig. 13), the two equations will yield
results very much in agreement.

The present correlations may also be compared
with those for a perfect gas with pecT and unit
Prandtl number from reference 1. For this
comparison 1t is convenient to define a similarity

heat-transfer coefficient % as

- g-'
h= 2 64
' g-aw_g-w ( )

Then, for a comparison of the present results
with those of reference 1, it is necessary only to
compare the ratios A/h,. The comparison is here
restricted to the yawed infinite cylinder with
an isothermal wall. For the present correlations,
from equations (61) and (64)

1%: 2211;%661;)[1% 0500—1) (1~ ><0 2B+1>]

[1.1—0.1625 (t—z>—|—0.0625 (t—) ] (65)

where 7 is assumed equal to 0.85.
The corresponding expression from reference 1 is

h_ 14+Pg" (66)
TLS—Q!_I_RlBNl

where Py, @1, B, and IV, are given in the reference as
functions of ¢ and ¢, The only qualitative
difference in the form of equations (65) and (66)
is caused by dissipation (excluded in the numerical
solutions of reference 1 through the assumption
that Np,=1), that is, the terms proportional to
(1—t,) and ¢/t in equation (65). These effects
are primarily functions of the deviation of the
real-air frozen Prandtl number from unity and
are not necessarily a result of dissociation.
Equations (65) and (66) are compared in figure
14(a) (4, =1) and figure 14(b) (¢,=0.1) for the
case {,=0 in equation (66) (which satisfies the

condition & "’<1 required by equation (65) for all

values of ts) For t,=t,=1 in figure 14(a) (no
dissipation), the effect of real-air properties is to
increase the ratio A/k, (compared with that for a
perfect gas with Np,=1) by a small amount, which
increases with increasing 8 and reaches about 7
percent at 3=20. The maximum difference, as 8

1 T

B~ /%17
i 2

'TWTJJJA

Present solutions, eq.(65)
------ Perfect gas, eq. (66) (ref. 1) "

Similarity heat-transfer-coefficient ratio, /7,

s

%

Similarity heat - transfer—coefficient ratio, 4,

] T Y )
e T T l n
- /{/

I T S
8 — ) R
NN o

Y 2 4 6 8 10 12 14 16 18 20
Velocity - gradient parometer, 8
(a) t,=1.
(b) t=

Ficure 14.—Comparison of the similarity heat-transfer-
coefficient ratio for the present solutions with that for a
perfect gas with Np,=1 and pc T. §»,=0.
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approaches infinity, is about 12 percent. For
increasing chordwise dissipation (decreasing ¢./¢,),
the real-air curves depart farther from the
perfect-gas curve, with a difference of as much
as about 12 percent for %20.2 at 8=20. The

$
same trends are evident at large yvaw (£,=0.1,
fig. 14(b)), except that for no chordwise dissipation

(————1) the real-air and perfect-gas curves are

extremely close (except for B=0 where the
difference is about 5 percent). A maximum
difference of about 12 percent is predicted for
infinite B with ¢,=t,=0.1. For large chordwise

dissipation <%=0.2> real-air effects are again
s

relatively large; the real-air parameter #/k,
exceeds that for the Np,=1 gas for this case by
about 25 percent for §=20. Note that large 8

t, . . .
and t—§0.6 will generally cccur only in regions

$
of relatively low heat-transfer rate.
For bhigh-temperature flight conditions, the
present solutions supersede the perfect-gas correla-

tions of reference 1 so long as f—"’g1 In situations
S

where the wall is relatively hot and this condition
is not met, the present correlations are not valid;
in such cases the correlations of reference 1
should give reasonably accurate results judging
from the comparison for the highly cooled wall in
figures 14(a) and 14(b). However, the effect of
dissipation has not been established for such cases.

SIMILAR SOLUTIONS APPLICABLE AT HIGHER
ENTHALPY LEVELS

Thus far, the similarity boundary-layer equa-
tions, and hence the solutions presented, have
been restricted to a binary mixture of atoms and
molecules, appropriate for dissociated air up to a

nominal static enthalpy level Fh—=2.0. These
E

solutions are appropriate to flight velocities up to
29,000 feet per second for zero yaw, and to higher
velocities with finite yaw. When the static
enthalpy exceeds about 2hz ionization becomes
significant and the simplest representation of
the air is that of a mixture of atoms, ions, and
electrons. The binary-mixture assumption is no
longer valid.

An alternate procedure for computing the
boundary layer in such situations is to combine

AERONAUTICS AND SPACE ADMINISTRATION

the heat transfer by particle collisions with that
from mass diffusion to form a so-called effective
conductivity k.. (See refs. 4 and 5.) This
approach is valid for multicomponent mixtures
but restricted to chemical equilibrium (the present
case). The effective Prandtl number is defined by

UCp, er
Npr, =7

k eff

where ¢, .s is the effective specific heat. In this
way the diffusion terms are contained implicitly
in the conduction terms and the boundary-layer’
equations take on their inert gas form. For
example, equations (16) to (18) are valid for an
equilibrium multicomponent mixture if Ng, , is
formally replaced by Np, ., and if F'is set equal to
zero. This substitution is valid for all equations
given previously for equilibrium dissociated air
and generalizes them to account for an equilibrium
mixture of more than two species. This approach
was used to make a brief numerical computation
in which appropriate transport properties were
used to extend the present results to hicher
enthalpy levels. A description of the procedures
follows. Thermal radiation is neglected.

LOCALLY SIMILAR BOUNDARY-LAYER EQUATIONS IN TERMS
OF EFFECTIVE PROPERTIES

The locally similar boundary-layer equations
for an equilibrium multicomponent mixture are,
from equations (26) to (28) and with the sub-
stitutions just discussed,

eyt =s [ =) -k (1]
(67)

(eg")' +7g’=0 (68)
NPr eﬂ'

(wig o)+ _{ (W)

[(ts_te)<f/)2,+(l_ts)(g2)l]}’ (69)

with the boundary conditions of equations (29)
and (30). The computation program on the IBM
704 electronic data processing machine for equilib-
rium dissociated air was used with F=0 and with
tables of the gas properties pzuz/pu, pz/p, and
Neg,,.; as functions of h/hy appropriate for this
case substituted for the properties used in the
equilibrium dissociated air program.
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The gas properties were obtained from reference
4 and plotted as functions of enthalpy at constant
pressure. These results were found to correlate
independent of pressure for the ranges

0.01525751§4 (70)

E

10-4=- L <102 (71)
-pref

with reasonable accuracy. (See fig. 15.) The
correlating functions (none of them conveniently
expressed by an analytic function) were pro-
gramed as tables, and the functions are shown in
figures 15 (a), (b), and (¢).

A group of locally similar solutions was obtained
using this program for a range of g from zero to 3.5.
The program was limited to heat-transfer cases,
in most instances with ne chordwise dissipation
(t,=t,). Valuesoft;0f 1, 1/3, 1/10, and 1/30 were
employed, and the enthalpy level parameter ¢z
was restricted to t5=0.25, which corresponds to
%Ez%éél and
Lastly, the wall enthalpy range for this program
was set as

V.=41,100 feet per second.

0.0152= Setw g 45

tE' ]LE

corresponding to
e
3,600° K for 7)2’-:10—4
300° K=< Tos "
5,200° K for -2 =102
4 Dy

DISCUSSION OF SIMILAR SOLUTIONS

Flat-plate flow.—Solutions for =0 were com-
pared with results obtained by the reference
enthalpy method of reference 13. For this case
equations (35a), (35¢), (36), and figures 15(b)
and 15(c) were used with 7=+/0.7 in equation
(35¢) and with 7=+/N%, . in computing ¢,
Approximate and exact results for ¢,v/Npz, again
agreed within about 5 percent; however, no such
good agreement was obtained for the Reynolds
analogy factor, where discrepancies as large as 25
to 30 percent were evident. Although these com-
parisons are not presented, the following observa-
tions are of interest. The reason for the failure
of the reference enthalpy method in computing
the heat transfer lies in the extreme, nonmonotonic

variation of the effective Prandtl number with
enthalpy. As can be seen from figure 15(c),
N%, . may be as large as 0.96 or as small as 0.28,
and equation (36) can in no way account for the
fact that a particular extreme value of N%,.s
is not necessarily representative of the effective
Prandtl number throughout the boundary layer.
The largest departures from the Reynolds analogy
correlation occurred for N%,.,=~0.9, whereas
for N%, . from 0.5 to 0.8, agreement between
exact and approximate Reynolds analogy factors
was better (no cases were computed for which A*
was so large that N%, ., approached 0.3). It may
be that the reference enthalpy method might be
modified through alteration of the constants in
equation (35¢) to improve its accuracy. This
modification was not attempted. Because of the
nonmonotonic behavior of N%,., it appears
unlikely that a single set of formulas like equations
(35) and (36) would be sufficient, but instead dif-
ferent formulas covering different wall and stream
conditions would be necessary.

Axisymmetric stagnation flow.-—Solutions for
ts=t.=1, B=1% were obtained and the Nusselt
number function

. _ TNII. woo_ . /?)‘ ‘gi _ ___1 o
[(Arl’r, ff, 11') 0 4(]VIBc. u‘) o 5]9—\ - l_g-w (NPr. PYA w)o' N
(72)

was computed and plotted as & function of
(pote/ puttn)s- In this equation the Nusselt number
is defined by the effective conductivity and specific
heat. The results are shown in figure 16, where
it is apparent that the correlation of equation (38)
obtained for the lower speed range is no longer
valid. The discrepancy must be again attributed
to the effective Prandtl number; in this case use
of the surface Prandtl number in the correlation
does not account for the extreme variation of local
Prandtl number through the boundary layer.
Use of the reference enthalpy of equation (35c¢)
to obtain a correlating Prandtl number gave no
improvement and this course was not pursued
further. It was found, however, that the data
could be correlated as a function of total enthalpy
level. Shown in figure 17 are the data, where the
parameter

NNu.w

i { Pette N 0.1 0.5
0.767 e (N pr, o5, 0% (N e, w)

8§
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TFiqure 15.—Correlations of density, density-viscosity product, and effective Prandtl number for air at enthalpies up

Density ratio, p /p

Density-viscosity-product ratio, e g /PE

n

TECHNICAL REPORT R—118—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

DD AKNDP ODOO

Pressure, atm
102
10!
100
10!
10-2
103
074

-

o
d o 22
a 14 0o o

-
Enthalpy ratio, 4/

(a) Density.
(b) Density-viseosity product.

to 4hg=1,0008 T+es.

o



BOUNDARY-LAYER SIMILAR SOLUTIONS FOR LAMINAR HEAT-TRANSFER DISTRIBUTION

Etfective Prandil number, Mg, ofr

27

Pressure, atm

oo bOOao
OO

(c)

|
1
|
o . - 1
2 3 4

Enthalpy ratio, /‘7//75

(c) Effective Prandtl number.

Ficure 15.—Concluded.
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represented by the function, for 2< tié 4,
E

NNuw
0767(””’“) (Npr, e, )" H(N ge, 0)*°

=1+0.075 G};—z)z (73)

For 21—<2 (the region covered by the equilibrium-
E

dissociated-air calculations), the numerical data
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agree reasonably well with equation (38). More
scatter is apparent in this lower enthalpy data
than was present in the dissociated air calculation;
this is attributed to the wider range of surface
enthalpy used in the effective property program
and also to the fact that for 0.0152§%§2 the

E
effective property calculations are equivalent to
the dissociated air calculations with F=F;, not to
F=0 for which equation (38) was derived.

The correlations of equations (38) and (73) may
be combined to yield a formula for the aero-
dynamic heat-transfer function covering the entire
range of flight velocities to 41,100 feet per second

(tz=0.25). This is
NNu, » ] . < Pelie )0' @
[(NPr, ef, w)0'4(NRe, w)o's 5_0767 Puwltw/ s Gl(tE)
(74)
where for 0.5 <1y,
and for 0.25 <#;<0.5,
2
G (tx)=1+0.075 (ti~2> (75b)
E

which are valid for the stagnation point of a body
of revolution at zero angle of attack within about
%10 percent.

From equation (74), together with the definitions of the Nusselt, Reynolds, and Prandtl numbers and
the assumption of a Newtonian stagnation velocity gradient, a heat-transfer coefficient may be derived as

—_ . 1/4
VTN 767 (N 11,0 i) (o) (22) "Gt (76)
e/ s

(He_hw)s

Equation (76) was evaluated for a range of
velocities and altitudes of interest and the results
are shown in figure 18. Argon-free air was
assumed and the thermodynamic properties were
taken from reference 18. Normal-shock relations
were obtained from unpublished work of Paul W.
Huber of the Langley Research Center for argon-
free air. These data parallel the data provided
by Huber in reference 19 but employ the 1959
ARDC atmosphere (ref. 20) rather than the 1956
atmosphere. Effective transport properties were
taken from reference 4. In figure 18(a) the heat-
transfer coefficient is plotted against velocity for
various altitudes. The circles represent the re-
sults of equation (76) for wall temperatures ranging
from 300° K to 3,600° K and the results arve
essentially independent of this parameter. The
curves represent a rough correlating plot for each
altitude. Because interpolation to intermediate
altitudes is awkward, a cross plot of the curves,
as shown in figure 18(b), may be used to obtain an
engineering approximation for the computation of
the stagnation point heat-transfer coefficient. In-
terpolation to intermediate velocities and altitudes
is straightforward.

Stagnation flow for yawed infinite cylinder.—
The stagnation-line local enthalpy outside the
boundary layer is related to the free-stream total
enthalpy by

hs=1{,H,

and in the present effective-property program,
only at zero yaw was any effect of the high-
enthalpy effective properties apparent. For t,—
%, Mo, and Yo, t, was always less than 2t and
nowhere in the highly cooled boundary layer did
the static enthalpy exceed the nominal maximum
enthalpy for equilibrium dissociated air. Thus
for these cases (with #,=t,<{1, 8=1) the results
agreed with equation (41) which used 7=0.85.
For zero yaw, a correction factor equal to G(tz)
must be applied to equation (41) as in the axi-
symmetric case. Because the stagnation-line local
external properties for a yawed infinite cylinder
with {ree-stream stagnation enthalpy H, are
equivalent to those for another cylinder at zero
yaw with a lower stagnation enthalpy equal to
h;, the high-enthalpy correction factor may be
generalized for arbitrary yaw by substituting £,/tz
for 1/tz. Thus, the correlating function for the
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Ficure 18.—Stagnation-point heat-transfer coefficient
for a body of revolution.

Nusselt number parameter is, when (pe—“e— <1,

Pulw/ s
o NNu, w . Pelte 0.4 (tE>
(NPr, ef, w)0'4(NRe, w) 0. 5]3_057 <Pwﬂw>a Gl E
(77a)
and when <M> >1
Puwkw/ s
o NNu, w . Pelre 0-67 (t_E>
[(NPr, ef, w)0'4(NRa, w)o' 5]3_057 <Pw,uw>s Gl ts
(77b)
where, for 0.5= i—E;
(tE>_ 1 (784)
and forO°5§§—E§ 5,

tE ts ? -
—>=1+0.075 (——2) (78b)
ts te

For large yaw the results are valid to velocities in
excess of 41,100 feet per second so long as V,, cos

A§41,100 feet per second.

For the case Sh”’<1 l:(:"ze> <1] the plots in
figures 18(a) and 18(b) may be used to give ap-
proximate yawed-cylinder stagnation-line heat-
transfer coeflicients if 7, cos A is substituted for
Ve, haw 18 substituted for H, in the coeflicient,
and if the heat-transfer coefficient is multiplied by
0.57
0.767
angle such that V, cos A is less than 29,000 feet
per second, the use of 7=0.85 should give satisfac-
tory results but at higher velocities this assump-
tion may require modification. However, for
Sosy [(%) >1:], figures 18(a) and 18(b)
should not be used for the yawed cylinder unless
an additional correction to account for the dif-

———==0.743. At values of wvelocity and yaw

ference in the exponents of the (p e“e> factor in

equations (74) and (77) is inserted.

The heat-transfer-distribution parameter.—The
_ g‘i’b(ﬁ) tezts; g‘w)
{{,,(6=1, teztsy g-w)
was investigated for a range of g8 from zero to 3.5

effect of B8 upon the parameter
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Ficure 18.—Concluded.

and, for {,=t,, the numerical data were found to
be correlated by the same relation as for equi-
librium dissociated air, namely by equation (52)
with the same values for the parameters P, @, R,
and N. The few solutions obtained for ¢.<¢,
indicated reasonably good agreement with equa-
tion (54) but did not correlate too well with
equation (56). The discrepancy was such that
use of a lower value of 7 in equation (55) would
have accounted for the difference. At very high
enthalpy levels the recovery factor would be ex-
pected to be lower than 0.85 because of the lower
effective Prandtl numbers. If the appropriate
values of 7 were known, equation (55) might well
be applicable, but because no insulated wall solu-
tions were made in the present program this
knowledge is not available. It is suggested that
equation (56) be used without modification,

inasmuch as, at worst, slightly conservative re-
sults will be obtained at very high enthalpy levels.
The same comment is appropriate for the recovery
factor as it appears in the nonisothermal wall
term, equations (57) and (58). Furthermore, so
long as the wall enthalpy is such that the condition

%gl (required for the validity of the correlations)

is met, no modification of the ¢ term in equations
(57) and (58) is necessary. As a result, equation
(61) may be applied to this very high enthalpy
case.
SUMMARY OF EQUATIONS FOR HEAT-TRANSFER
CALCULATIONS

For convenience, the correlations obtained from
the numerical solutions reported herein are listed
in the following sections.
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FLAT-PLATE FLOW
The flat-plate skin-friction coefficient is (eq.

(352))
[p*u*
Cf'VNRe=0.664: ;T

and is valid within about 5 percent for velocities
up to 41,100 feet per second. The heat-transfer
coeflicient is (eq. (36))

Nm
Cr

(NPr s —2/3

and is valid within about 4 percent up to a velocity
of 29,000 feet per second. 'The properties p*u*/
pette and NZ, , are evaluated at A*, which is given
by equation (35¢) as

b;: g—— [o 5 <1+5L"’> 0.184 (1——)]

B* o¥ut
For i =2.0, 1s, according to equation (35b),
E

eMe

te 0.3329
pre 10213 <E> —0.0213

- % 0.3329
Pebe 4 0213 (i—) —0.0213
B

and NE, ,is given in table I.

*
For h_>2'0’ T must be computed from the
E

e:u'e

correlation ol figure 15(b) and the relation
<PE#E>
P H I-" N PeMe /
Pelte (pul@)

Because equation (36) is not valid for velocities
in excess of 29,000 feet per second, there is no

L*
h—E>2.0.

necessity to evaluate N%,, , for

AXISYMMETRIC STAGNATION FLOW

The heat-transfer rate for axisymmetric stagna-
tion flow is given (from eq. (74) and the definition

of the Nusselt number) by the relation
"'Qw.s=0-767(NPr w)a_o's(H _hw)s

) ot (5) @1t (70

where, for velocities up to 29,000 feet per second
(te=0.5),

NPr, w=NPr.f. w

80
Gl(tE) =1 ( )

and for velocities from 29,000 to 41,100 feet per
second (0.25<{;=<0.5),

NPr, w=NPr, ef, w

G (tx)=1+40.075 (21;—2>2 (81)

Equations (79) and (80) were developed from
numerical data for wall temperatures from 300°
K to about 1,750° K in the lower velocity range
where they represent the data within about 5
percent. For the high-velocity range, the maxi-
mum wall temperatures permitted ranged from
3,600° K to 5,200° K, and equations (79) and (81)
represent the numerical data within about 10

— Qs VT
(H.—hu)s
axisymmetric stagnation flow as functions of
velocity and altitude are given in figures 18(a)
and 18(b) for a Newtonian stagnation-point
velocity gradient.

percent. Plots of the coefficient for

STAGNATION FLOW FOR YAWED INFINITE CYLINDER

The yawed-infinite-cylinder stagnation-line heat
transfer may be expressed, from equation (77),
and the definition of the Nusselt number, as

—quw, s==0.57 (NPr. w);o' 6(haw'—'hw)s

(peMe)E"(pw#w)i“'”\/ due> G: <tE) (82)

u3+v§)
2

where

ham=hg+ 0.85 ( (83>
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and (Ve w)s, M, and G (tg/t,) are given in the following table:

Vo cosa, | % fw (M) (Ner, s m 0.(’-”) T, mas,
fps t Z putin/ &
=29, 000 =0.5 =1 =1 Frozen 0.45 1 1,750
Ezg, 000 =5 | 31 >1 Frozen .67 1 1,750
<41,100 .25 : t 2
Saom | 25 < < Effective 45 | 140, 075(5_2) 3,600 to 5,200
41,100 Z.25 ; : 2
S 28" 000 b >1 >1 Effective 67 | 110, 075<ﬁ,‘2) 3,600 to 5,200

The maximum error inherent in equation (82) is about 10 percent.

HEAT-TRANSFER-DISTRIBUTION PARAMETER

The heat-transfer distribution on blunt yawed cylinders and bodies of revolution at zero angle of
attack may be computed from equations (23) to (25) and the correlation equation (eq. (61))

é’”s_(l 033)? %%%) [1 10.050(1—1,) <1~§—j> <0.62;J1r1>] [1.1—0.1625 i—z+0.0625 <i—>2]

Co\0 3320 0.45
0.85+0.15¢,— >|: Npr s w_]o i 1.0213 tE> —0.0213
015t w s rw)s w?03329
0.85+ —¢ Ner. 7, ) ¢ ) ooais

1.0213

E

which is valid for V., cos A=<29,000 feet per zation, however, may very possibly not be inde-
second, g-_gl and 0=<p<4 and represents nu- I‘)endentlof reaction rates for (_:z?tnl.ytic walls.. The

i, reason is that for nonequilibrium chemistry,
merical data within 15 percent. Extension to  diffusion of electrons and ions may tend to set up
larger values of 8 should not introduce significant  significant electric and magnetic fields which can
additional error. Values of P, @, and N are no longer be neglected in the boundary-layer
plotted in figure 9 and R=14P—@Q. Lastly, for = equations. The equilibrium assumption, on the
29,000 feet per second<V, cos A=<41,100 feet  other hand, requires a gas electrically neutral at
per second; equation (61) should give reasonable, every point by definition, and therefore the in-
although somewhat conservative, results. clusion of these terms is unnecessary. It is of
interest that calculations of the stagnation-point
heat transfer at velocities to above 40,000 feet
per second in reference 21 for frozen chemistry
agree substantially with the present results, but
in reference 21 the electrical terms were neglected.
for dissociated air, - <2, should be useful for  If it is found that charge separation is negligible

) h =
e when recombination rates are low, the present
nonequilibrium situations provided that the wall ) o p
results may then be used to give reasonably

is catalytic and that the flow outside the boundary ) N ep
layer is in equilibrium. This conclusion follows accurate p1edu;t10ns for the nonequiltbrium oase
from the results {or dissociated air with arbitrary '(1‘)10v1ded asuin that the .walls e cataly.t 1?) )
recombination rates in roference 9. Even for & T'hese aspects of aerodynamic heating at velocities
ey s ARG characteristic of lunar and planetary reentries

nonequilibrium external flow, it is believed that warrant further stud
the heat transfer will be little influenced by ’ Y
finite rate processes so long as equilibrium concen- UNCERTAINTY IN TRANSPORT-PROPERTY APPROXIMATIONS
trations exist at the surface. OF REFERENCE 4

Those results computed herein for the higher The transport property values of reference 4
enthalpy levels characterized by significant ioni-  are admittedly only approximations, but should

DISCUSSION
VALIDITY OF ASSUMPTION OF CHEMICAL EQUILIBRIUM
Although the present calculations are restricted
to the case of Chemical equilibrium, the results
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be reasonable for equilibrium dissociated air. It
has been shown here that the stagnation point
Nusselt number function for this case is a very
weak function of the transport properties. Fur-
thermora, calculations of the stagnation-point
hest-transfer rate from equation (39) and the
transport properties of reference 4 generally agree
with the large body of experimental data available
about as well as do calculations obtained by the
widely used formula of reference 9 in which the
Sutherland viscosity relation and N =14 (a
nominal constant) are used. Also, heat-transfer
distribution will normally be a very weak function
of transport properties as illustrated in figures
13 and 14. On this basis, the transport proper-
ties of reference 4 may be accepted for heat-
transfer caleculations for equilibrium dissociated
air,

For the case with appreciable ionization char-
acterized by the enthalpy range 2§hi§4, the

E

uncertainty in the validity of the transport
properties is greater. The present solutions in
this range indicate somewhat greater dependence
upon the transport properties than in the dis-
sociated air range, particularly upon the behavior
of the effective Prandtl number. Further com-
ment must await experimental or more advanced
theoretical efforts in this enthalpy range.

APPLICATION OF THE PRESENT RESULTS TO
THREE-DIMENSIONAL FLOWS

The application of the heat-transfer results for
a body of revolution to three-dimensional flows
with small cross flow is discussed thoroughly in
references 3, 6, 7, and 8. The present results
may be applied to such problems by replacing
/L in equation (25) by the inviscid streamline
spacing at the surface and by integrating this
equation along the inviscid surface streamlines.
The correlation formula for ¢,/¢, s (eq. (61)) is
applied for ¢,=1 and the factor (1.033)7 in this
equation is replaced by the factor

g-;l:(ﬁ_‘:]- ’ te:]-y ;w.s)_1-116+0'411650'686

CoBs, te=1,%0.)  14+0.5278086

which is the inverse of equation (52) for t,=1
applied at B8;. The stagnation value of 8 (that is,
B:) may be computed from the method in reference
8. The stagnation point heat-transfer function
is determined by applying the perfect-gas method
of reference 22 to the present results.

CONCLUDING REMARKS

Locally similar solutions of the laminar bound-
ary-layer equations have been obtained for air at
chemical equilibrium at static enthalpies from

3.8RT,; (corresponding to a temperature of

300° K) to 1,000BT,., (corresponding to a tem-
perature of from about 8,500° K to about 15,000°

K, depending upon pressure level), where R is
the gas constant for undissociated air and T, is
273.16° K. The upper enthalpy limit corresponds
to the free-stream stagnation enthalpy for atmos-
pheric flight at a velocity of about 41,100 feet per
second. For the range of enthalpy up to 500R T ey,
which was herein treated extensively, the air was
assumed to be an equilibrium mixture of atoms
and molecules (equilibrium dissociated air), and
the frozen transport properties were taken from
the correlations of NASA TN D-194. The upper
limit in this enthalpy range corresponds to flight
at 29,000 feet per second.  For the higher enthalpy
range, treated in less detail, the air was assumed
to be an cquilibrium mixture of atoms, ions, and
electrons, and the effective transport properties
of NASA TR R—50 were employed.

Exact solutions for flat-plate low, axisymmetric
stagnation flow, and stagnation flow for a yawed
infinite cylinder were obtained for equilibrium
dissociated air with unit Lewis number. For the
flat plate the well-known reference enthalpy
approximation gave excellent agreement with the
exuct solutions. Correlations for the stagnation-
flow Nusselt number parameter were determined
and found to be little different from previous
results obtained by using other estimates of the
thermodynamic and transport properties for air.
It was shown, however, that the absolute heat-
transfer rate would depend more strongly upon the
air properties. The effect of nonunit Lewis num-
ber was found to be negligible for the enthalpy
range characteristic of equilibrium dissociated air.

Locally similar solutions for equilibrium dissoci-
ated air were employed to determine a correlating
expression for the function used in computing the
heat-transfer distribution on a body of revolution
at zero angle of attack or on a yawed infinite
cylinder with arbitrary favorable pressure gradient.
Application of this correlation to the integral and
simple local similarity methods of NASA TN
D-625 was described. Comparison of this func-
tion with previous results based on different gas
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property assumptions indicated moderate de-
pendence upon the assumed Prandtl number,
although the strongest effect occurred for condi-
tions where the heat transfer would be relatively
low.

For the enthalpy range where ionization is
important (above 500BT,, a small group of
locally similar solutions was obtained. It was
found that the flat-plate and stagnation-flow
heat-transfer results were as much as 30 percent
higher than a simple extrapolation of the results
for equilibrium dissociated air. This behavior is
attributed to the low effective Prandtl number
predicted in NASA TR R-50 at such high enthal-
pies. A modified correlation formula to take
these results into account for the stagnation

point was found and a graph of a stagnation-point
heat-transfer function was plotted as a function
of flight velocity and altitude. It was also
found that the heat-transfer-distribution correla-
tion formula found for equilibrium dissociated air
was useful at the higher enthalpy range. A
summary of equations for computing heat transfer
is included.

Adaptation of the present results to the com-
putation of heat-transfer distribution for three-
dimensional flows with small cross flows was
briefly described.

LaNGLEY RESEARCH CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
LaNGLEY AIR Force Base, Va., May 22, 1961.



APPENDIX

SIMILARITY BOUNDARY-LAYER FUNCTIONS FOR EQUILIBRIUM DISSOCIATED AIR

BOUNDARY-LAYER-THICKNESS FUNCTIONS

The boundary-layer integral equations for
equilibrium dissociated air may be obtained from
equations (16) to (18). First it is convenient
to change the form of equation (16) by substitution
for the term #/t, from equation (20). The result is

(- 2oty s (D)2

=z of O afaZ/
26— (a s 5 ) (A1)

The similarity form of equation (A1) could also
have been employed in place of equation (26)
in obtaining locally similar solutions. Equations
(A1), (17), and (18) are multiplied by d% and in-
tegrated across the boundary layer from 5=0
to n— using boundary conditions (21) and
(22). The results are

2 [Ve—ton)]= V— [(5) —sttran]
(A2)

7 Y s(E,,)]=——~ (2;)

(A3)

%H&T‘s(l w)@”]~é— ;,ii)(an
(A4)
where R
ot — ﬁ 2: 1——) dn (A5)
R Y PR
B[ L g (A7)
o[ YD o

Equations (A2) to (A4) are general within the
boundary-layer assumptions and the assumption
of an equilibrium binary mixture. Although
these equations are cast in the similarity coordinate
system, no assumption of local similarity is as
yet implied.

For locally similar profiles,
to (A4) reduce to

equations (A2)

O =15 —B 32 (%, +01,) (A9)
E, =, (A10)
14+ P,
_2w All
@ NPr fw —g‘w ( )

In table I1I(a), listings of the results of the similar
solutions include f,,, ¢», ¢», and Af,. The
thicknesses 6%, E,, and ©,, are not listed, but
may be computed from equations (A9) to (All).

Note that for a perfect gus with constant specific
heats, A}, may be written in terms of other pa-
rameters as follows: Since for this special case
Pe

—=f£, then
P

= f ()
[ [

and using equation (20) and rearranging gives

t t—1, 1— ls

Afy=y Sty i te LG, (A12)
where
5 = f ) (1_2—{;) dn (A13)
e

35
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(A15)

Go— f " (1—g?)dy
]

Substitution of equation (A12) into the integrated
chordwise momentum equations (eqs. (A2) and
(A9)) puts equations (A2) and (A9) in the perfect-
gas form used in references 1 and 17.

SKIN-FRICTION AND HEAT-TRANSFER FUNCTIONS

Chordwise and spanwise skin friction are given
by
ou) ]
02/

ov
Twy— Mo a)w

Application of the transformation equations (9)
to (15) and the assumption of locally similar
profiles gives

(A16)

In termas of skin-friction coefficients, equations
(A17) may be rewritten

z du

cf z, w\/N Re, w— e

Bt U d T

—_ [ & x du, 7
cf.y.w\/NRe.w—z Bt ue dz Guw

The heat-transfer rate at the surface for a gas
composed of a reacting mixture of atoms and
molecules is (ref. 5, for example)

(A18)

» Ok
—g—yt () (+F) (A19)
or, in the similarity coordinate system
g e [putuls due L L F) (A20)

NPr.f. w Bte

Definition of the Nusselt number leads to the
relation

I f N; z & T du,

’ 6te ([:1; v Nu,w U, 1 Fw A21
o I? (A17) (N, w)1’2 ﬁt U dr (a,,,—;u,( +F)  ( )
PultaVits du

=" . u where

Twy Bt. dz g JI =t T (1—1,) (A22)
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TABLE I.—GAS PROPERTY CORRELATIONS FOR
EQUILIBRIUM DISSOCIATED AIR AT CONSTANT

PRESSURE, 10~= pL =10

ref

Low temperature High temperature
bt Ny h_t | Nens I I Fs
he tg he B
0.0005 0.770 0.10 0. 768 a0 a() Lo
.010 . 729 .20 771 . 190 . 236 231
015 . 708 .30 755 171 . 269 112
020 . 689 .40 742 . 087 . 168 —. 006
026 . 680 .50 731 .056 L 150 210
031 . 680 .60 721 .039 L1790 230
036 . 684 .70 L712 .016 .217 198
042 . 689 . 80 . 704 —.016 . 239 139
048 . 696 .90 . 698 —.052 . 257 075
053 702 1.00 . 603 —~.0R9 . 270 016
1.10 . 689 —. 124 279 —. 040
1.20 . 686 —. 159 L287 —.092
1.30 . 684 —. 191 . 294 —. 139
1. 40 . 683 —. 219 . 299 —. 181
1.50 . 684 —.244 . 304 —.218
1.69 . 686 —. 265 . 307 —. 250
1.70 . 6980 —. 267 .291 —.270
1.80 . 695 —. 259 .270 —.279
1.90 . 700 —. 235 . 236 —. 26R
2.00 . 707 —. 204 . 198 —.235

s For iéO.l& F\=F,=0.
he

b For higo.m, Fy=0.
B
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TABLE II.—A KEY TO THE TABLES OF SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR
(a) Heat-transfer cases; F=0 (Np,=1)

te la tr Vo, A, {w hw Range of 8 Table Case
% fps deg T
2 0. 0304 0t03.4, » III(a) 1
3 . 0456 0to2.9 2
1 1 65.8 o Tttt 5 . 0760 0t03.0 3
6. 579 . 1000 0to2.9 4
152 . 0152 0t03.5, @ 5
.20 .020 0t03.5 6
1 1 10 6, 000 0 .30 .030 0to3.5 7
1 .50 . 050 0t03.5, o 8
75 .075 0t03.5 « 9
.8 g t03.2 10
.6 t0 3.5 11
1 4 10 6,000 0 .50 .05 0103 5 12
.2 0to3.4 13
0304 L0152 0103.5, @ 14
.05 .025 0t03.5 15
1 1 2 14, 300 [} .075 . 0375 0t03.5 16
.10 .05 0to3.5 17
.20 .10 0t03.5, 18
0152 L0152 0t03.4, @ 19
.03 .03 0to3.5 20
1 1 1 20, 400 0 .05 .05 0tod.5 21
075 .075 0t03.5 22
100 . 100 0to3.5 23
.8 8 to 3.2 24
.6 to 3.3 25
1 4 1 20, 400 ] . 0152 . 0152 0t03. 4 26
.2 0t03.4 27
.8 8 t03.1 23
.6 t0 3.0 2
1 4 1 20, 400 0 .03 .03 0t03 4 30
.2 0to3.5 31
.8 g t0 3.3 g%
.6 to 3.4
1 4 1 20, 400 0 .10 .10 0035 34
.2 0to 3.5 35
. 0076 L0152 0t03.4, 36
1 1 .5 29,000 0 .02 .04 0t03.5 37
.05 .10 0t03.5. 38
.8 0t03.2 38
.6 0to3.4 4
1 4 .5 29, 000 0 .05 .10 0t03 4 il
.2 0t03.5 42
3333 . 0152 0t03.5, = 43
14 1 21.9 3, 600 90 1 . 0456 0t03.3 44
2.193 . 100 0to3.1 45
05066 . 0152 0t03.3, 46
14 1 3.333 11,000 57 15 .045 0t03.4, @ 47
3333 . 100 0to3d. 4 48




BOUNDARY-LAYER SIMILAR SOLUTIONS FOR LAMINAR HEAT-TRANSFER DISTRIBUTION 39

TABLE II.—A KEY TO THE TABLES OF SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR—Continued
() Heat-transfer cases; F=0 (Nr,=1)—Concluded

ts L 173 Vo B A, $w hy Range of 8 Table Case
le fps deg he
0.2 g to 3.5 IIT(a) 49
. to 3.3 50
14 4 3.333 11,000 57 0. 05066 0.0152 0to3.2 51
.2 0to3.1 52
.01013 .0152 0 to 3.5, 53
14 1 . 667 25,100 55 .040 .060 0to 3.4 54
. 06667 . 100 010 3.5, 55
g 0to3.1 56
. . 0t03.2 57
18 ‘4 . 667 25,100 55 . 040 . 060 0to3.3 58
.2 0to 3.0 59
. 005066 L0152 0to3d.1, 60
14 1 .333 35,600 55 .015 . 045 0to 3.3 61
. 03333 . 100 0to034, 62
g g to 3.1 63
! . e to 3.3 64
14 4 .333 35, 600 55 .03333 .100 0to3.5 65
.2 0t03.5 66
.10 L0152 0t03.3,= 67
Ho 1 6. 58 7,600 90 .30 . 0456 010 3.3, 68
. 6579 . 100 0to3.1 69
1 25 8 to 3.5 ;0
14 . to 3.1 1
WMo 50 1.73 15, 500 74 . 0262 . 0152 0to33 72
. 262 0t03.3 73
.0152 .0152 0 to 3.5, 74
Mo 1 1 20, 400 73 .05 .05 0to03.4 75
.10 .10 0to 3.4, 76
e 0o 3 7%
\ . to 3.
Yo 1 4 1 20, 400 73 .10 .10 0to 3.4 79
.2 0to3.1 80
. 005066 .0152 0 to 3.5, 81
o 1 .333 35, 600 72 .015 .045 0t03.5 82
. 03333 . 100 010 3.5, 83
g 0to 3.5 84
14 0to 3.5 85
Yo 4 .333 35, 600 72 .015 . 045 0to3.1 86
2 0to3.2 87
.03333 L0152 0 to 3.0, 88
Yo 1 2.19 13,700 90 .10 . 0456 0to3.l,» 89
.2193 . IOg 0 to g.l, © 8(1)
. 006066 .0152 0 to 3.3,
Yo 1 -333 35,600 80 L015 J045 0103.2, 92
% 0to 2.2 82
1 . 0to 3.2
Lo ‘4 .333 35, 600 80 .015 .045 0t01.0 95
.2 0to1.0 1 96
Additional flat-plate solutions (8=0) 97

(00
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TABLE II.—A KEY TO THE TABLES OF SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR—Concluded
(b) Insulated wall cases, F=0 (Ni,=1)

t L i Vo, A, Range of 8 Table Case
t ips deg
0.99 0to 1.0 III(b) 1
.95 8 1t50 gg %
.8 0 3.
1 6 1 20,400 0 0to3.1 ¢
-4 0to03.1 &
.2 0to 3.3 6
.99 0tol.0 7
. 35 g to 2.7 g
. to 2.7
! .6 -5 26,000 0 01030 10
4 0t03.3 11
.2 0to3.4 12
.99 1 1 20, 400 5.7 0tol 13
95 1 1 20, 400 13 O0to1l 14
1/3 1 21.9 3,600 90 0to3.5 15
1/3 1 3.333 11, 000 &7 0to 1.0 16
1 0to 2.2 lg
.8 0to3.2 1
1/3 4 . 667 25,100 55 0to3.0 19
-2 0to34 20
1/10 1 6. 58 7,600 90 0t03.0 21
1 8 to 3.1 22
.75 - to 2.9 23
1/10 50 1.73 15, 500 74 0t0 3.0 2
.262 0to3.0 25
1 0to 3.2 26
.8 - 0to2.4 27
1/10 1 1 20, 400 73 0to 3.0 28
.2 0t02.2 29
1/30 1 2.19 0t00.75 l 30
Additional flat-plate solutions (8=0) 31
(c) Heat-transfer cases, Nz, #1
ts i le Vo, A, tw L Range of 8 Table Case
Ls ips deg hE
2 14, 300 0 0. 0304 0.0152 0,1/2,1 IV(a) 1
1 1 1 20, 400 0 L0152 L0152 0,1/2,1 2
1 20, 400 0 .10 .10 0to3.5 3
29,000 0 .05 .10 0t03.5 4
3.333 11,000 57 . 05066 0152 0,1/2,1 5
1/3 1 3.333 11,000 57 .3333 10 0,1/2, 1 6
667 25,100 55 . 040 060 0to3.5 7
667 35, 600 55 . 03333 10 0to3.5 8
6. 58 7,600 90 . 6579 10 0,1/2,1 9
1/10 1 20, 400 73 .0152 0152 0,1/2, 1 10
333 35, 600 72 . 03333 10 0to03.2 11
1/30 1 2.19 13, 700 90 L2193 .10 0,1/2,1 12
.333 35, 600 &0 . 005066 . 0152 0,1/2,1 13
Additional flat-plate solutions (8=0) L 14
(d) Insulated wall cases, Nr.#1
s L. tg Vm, A, Range of 8 Table Case
L. fps deg
1/3 1 3.333 11,000 57 0,1 (IVDb) 1
1/3 1 . 667 25, 100 55 0,1 2
1/10 1 6. 58 7,600 90 0,1 3
1/10 1 1 20, 400 73 0,1 4
1/30 1 2.19 13,700 90 0,1 5
Additional flat-plate solutions (8=0) [
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (NL.=1)

Case 1:

(a) Heat-transfer cases

.

fw

$L.B=1)

L=1; t—'=1; t2=65.8; Vo =0ips; {v=2; ;:—;=0.0304;
.

Ny, s 0=0.680; L2 —1 259
Pukw

0 0. 4934 —0, 4305

.5 L6111 —. 5253
1.0 . 6681 —. 5627
L4 . 6822 —. 5816
1.8 . 7003 —. 5958
2.2 . 7146 —. 6070
2.6 . 7265 —. 6162
3.0 . 7365 —. 6239
3.4 . 7451 —. 6305
« . 9600 —. 7862

0 0. 5076 —0.9048 0. 5076 0.7235
.5 6614 —1.158 1.721 . 9259
1.0 7183 —1.251 2. 487 1.0
1.4 7470 —1.297 2,982 1.037
1.8 7684 —1.331 3.416 1.064
2.2 . 7852 —1.358 3.807 1.086
2.6 . 7991 —1.380 4,165 1.103
2.9 . 8080 —1.394 4,416 1.115
Case 3:
¢y R
i —I.t——l tg=h5.8; Voo =0 1pS; {u=5; h——oo 760;
Nprow=0.737; 2£2 1,795
Puito

0 0. 5211 —1.945 0. 5211 0. 6726

.5 7258 —2, 654 2,276 L9177
1.0 . 7952 —2.892 3.357 1.0
1.4 . 8295 —3.009 4.054 1.040
1.8 . 8550 —3.004 4.663 1.070
2.2 . 8749 —3.161 5.209 1.093
2.6 18912 —3.216 5.710 1.112
3.0 . 9048 —3.261 6.175 1.128
Case 4:

= ,‘——1 t5=65.8; Voo =0 {pS; £v="6.579; Z—“’_o 1000;

Npr.ow=0.768; £~ 1,969

Duitw

0 0. 5246 —2.799 0. 5246 0. 6463

.5 7575 —3.957 2,613 9139
1.0 8332 —4.330 3.886 1. 000
1.4 . 8704 —4.512 4.704 1.042
1.8 8078 ~4,646 5.418 1.073
2.2 9193 —4.749 6. 059 1,097
2.6 9367 —4,833 6.646 1.116
2.9 9479 —4.887 7.057 1.129

0. 4934 0. 7650
1.364 . 9335
1.924 1.0

2, 280 1.034
2, 608 1. 059
2. 896 1.079
3.160 1.085
3. 406 1.109
3. 636 1.121
_______ 1.397

=1;t£=65.8; Vo =01Ips: {u=3; ——0 0456;

"he

. , . 8
A3 8 . T fe - A%
t,B=1)
Case 5;
L4
t=1; =1, 15=10; Vo =6,000 1PS; {»=0.15%; h——o .0152;
Nen s w=0.709; ;"—"_‘:L=o.5122
witw
i} 0.3808 0.2845 0. 3808 0. 9004 0.1939
3,017 .5 L4110 -3055 5410 . 9667 - 08330
o oh 1.0 .4263 .3160 6464 1.000 00552
2.5 1.4 -4346 13217 7136 1.018 —. 02340
I 1.8 14410 3260 7718 1.032 —. 04455
I ass 2.2 -4462 -3206 .8235 1.043 —. 06092
Ias 2.6 . 4506 3325 8704 1. 052 —. 07410
Tas 3.0 L4544 3351 9135 1.060 —. 08496
o 3.4 14576 3372 9536 1.067 —. 00419
35 . 4584 3377 9632 1. 069 00628
------ @ - 5485 13948 e | 1209
Case 6:
t=1; ;——1 tr=10; Ve =6,000 fpS; ;..,—000,;'——0 020;
Npr 1,0 =0.690; :‘—Z’=0.5568
0 0.3921 0. 2695 0.3921 0. 8940 0. 2630
.5 ©4255 . 2909 5756 - 9648 1143
. 1.0 14423 13015 6071 1,000 04027
4747 14 L4514 -3072 7753 1.019 01686
3.167 1.8 . 4584 L3116 8431 1.034 —. 00679
2.7117 2.2 L4642 L3152 9037 1.045 —. 02511
2.515 2.6 - 4690 3181 . 9589 1.055 —. 03983
2.378 3.0 L4731 3207 1.010 1. 064 —. 05197
2.272 3.4 - 4766 13229 1. 057 1.071 —. 06225
2.191 3.5 L4775 4234 1. 069 1073 | .
Case 7:
fo 13 281 15 =10; Vo =6,000 [pS; £ =0.30; 12=0.030;
& Y
Nern s w=0.680; 252 =0,6419
Pulw
0 0.4113 0.2428 0.4113 0.8819 0. 4074
.5 14510 12646 16407 19613 2206
1.0 4706 L2753 17939 1,000 1409
7.816 1.4 . 4812 . 2810 . 8931 1.021 1016
1.8 4803 12854 L0797 1.037 07285
2.2 14960 - 2890 1.057 1. 050 05075
2.6 15015 12019 1.128 1.060 03002
3.0 5063 12944 1,104 1.070 01832
3.4 5104 - 2966 1.256 1.077 00594
3.5 5114 “2971 1.271 1.079 00316
Case 8:
L=1; i—'—l; t5=10; Voo =6,000 IpS; {w=0.50; 2—=0 050;
Npn s «=0.699; 2£2.-0.7833
Pubiv
o 0.4379 0.1876 0. 4379 0. 8627 0.6822
.5 . 4885 .2079 L7481 - 9560 L4215
1.0 L5126 L2175 L9557 1. 000 .3151
9.894 1.4 . 5255 12226 1,001 1.023 - 2631
6.292 1.8 . 5355 12265 1,209 1.041 - 2255
5. 460 2.2 . 5435 12296 1.316 1.056 ~1966
5.100 2.6 . 5503 19392 1.414 1.068 21736
4855 3.0 <5560 12345 1. 505 1.078 1545
4,674 3.4 L5610 . 2364 1. 590 1.087 1385
4,535 3.5 - 5621 - 2368 1.610 1.089 1349
44490 - -6972 12864 | oo Ly | L.

[
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (Nr.=1)—Con.

(a) Heat-transfer cases—Continued

¢ . . " 8
B 7, ¢ | — a1, 8 Tu o fu - ay,
¢, B=1) tuB=1)
Case 9: Case 13:
[ huw
=1 ’— =1;te=10; V_ =6,000 {ps; {»=0.75; "—“’ =0.075; t.=1; t—‘=0.2;tx=10; V , =6,000 ips; {v=0. 5,h——0 .05;
Nprsw=0.735; 222 0,919 Npe.siw=0699; 2221385
Puliw Puliv
0 0. 4580 0.1013 0.4580 0. 8444 0.9900 0 0.4752 0.1518 0.4752 0. 8045 4.812
.5 5194 L1141 . 8517 . 9512 . 6442 I J IR SO R U
1.0 5478 . 1199 1.114 1.000 . 5088 1.0 L5711 1697 . 9778 1..000 2.738
1.4 5629 . 1230 1.285 1.026 - 4435 1.4 . 5901 1729 1.112 1.019 2, 421
1.8 5745 . 1254 1. 436 1. 046 . 3966 1.8 6052 1753 1.230 1.033 2.188
2.2 . 5838 1272 1.571 1.061 3608 2.2 6177 1773 1.336 1,045 2.008
2.6 . 5915 . 1288 1. 696 1.074 . 3323 2.6 . 6283 1760 1.434 1. 055 1.863
3.0 . 5981 . 1302 1.811 1. 085 . 3088 3.0 . 6375 1804 1.525 1. 063 1.744
3.4 . 6039 .1313 1.920 1. 095 2891 3.4 . 6457 L1817 1. 610 1.071 1.643
3.5 6052 . 1316 1.946 1. 097 2847 b -
o 7570 1608 1 L. 1.341 | ..
Case 10: =1;15=2; V_ =14,300 Ips; £ »=0.0304; "“’_0 0152;
te hw
t,=1; =0.8; £z=10; V_ =6,000 IpS; { »v=0.50; ——0 05;
T e Ds; £w Nprfw=0.709; 2£2 —0,2940
Puliw
Npesw=0.699; :Z =0.8468 S L
whtw
0 0.2975 0. 2442 0.2975 0. 8984 0.1266
- - .5 3212 . 2625 4182 . 9658 02830
0 0.4442 0.1805 0. 4442 0. 8706 0.9046 Lo .3333 . 2718 4971 1. 000 —. 01563
.5 . 4954 1987 7442 . 9582 . 5865 1.4 3400 . 2768 5468 1.019 —. 03774
1.0 5205 2074 . 9468 1. 000 . 4518 1.8 3451 . 2807 5894 1.033 —. 05391
1.4 5342 2120 1.079 1.022 . 3854 2.2 3492 - 2839 6269 1.045 —. 00048
1.8 5448 2156 1,195 1. 040 L3371 2.6 3527 . 2865 . G607 1.054 —. 07658
2.2 5534 2185 1. 300 1.053 . 3000 3.0 3567 2888 . 6916 1.062 —. 08494
2.6 5606 . 2209 1.396 1.065 .2702 3.4 3583 - 2907 7201 1070 —. 09203
3.0 . 5667 2229 1.485 1.075 . 2457 3.5 . 3589 L2912 7269 1.071
3.2 . 5695 2238 1.527 1079 | e @ - 4287 3416 | ______. 1.257
Case 11: Case 15:
t M
t,=1; i—’=0.6; tz=10; V_ =6,000 fps; ¢ =0.50; 2——0 05; t=1; =1 Le=2 V, =14,300 Ips; £w=0.05; 70025
s
Ner.s,0=0.699; Lee 09367 pr./.w=0.681;:—'Z'=O.3448
0 0. 4521 0.1723 0.4521 0. 8798 1.251 0 0.3195 0. 2466 0.3195 0. 8957 | 0. 1608
.5 5040 . 1882 L7411 9606 L8412 .5 . 3457 . 2656 . 4569 . 9650 . 05005
1.0 5305 1959 . 0387 1. 000 L6619 1.0 . 3691 L2753 . 5471 1. 000 . 000898
1.4 5452 2000 1.068 1. 021 5792 1.4 .§664 . 2805 6045 1.019 —. 02380
1.8 5566 . 2032 1,182 1.037 50A7 1.8 . 3721 . 2846 . 6539 1.034 —. 04189
2.2 5659 2058 1.284 1.051 4561 2.2 L8767 2878 . 6976 1.046 ~. 05592
2.6 L5738 2079 1.379 1. 062 4155 2.6 . 3805 2905 7371 1.055 —. 06721
3.0 5805 2098 1. 466 1.071 3819 3.0 . 3838 2929 7733 1. 064 —. 07655
3.4 . 5865 2114 1. 548 1. 079 3536 3.4 .38§ﬁ 2049 . 8069 1.071 —. 08448
3.5 5878 2118 1. 568 1.081 3471 3.5 . 3873 2954 8149 1.073 —. 08628
Case 12: Case 16:
te . hw -
f=1; i_'=0,4; tr=10; V_ =6,000 Ips; {v=0.5; h—_o 05; fo=1; =15 Lr=2; V, =14,300 Ips; £=0.075; It—e=0.03,5
N s
Nersw=0.699; 7 Lelte _1.081 Nergow=0.685; 22 —0 4014
Puriw
0 0. 4620 0. 1628 0. 4620 0. 8892 1.958 0 0.3414 0. 2576 0.3414 0. 8925 0. 2033
.5 . 5158 1763 . 7425 . 9633 1. 360 .5 3705 L2783 . 4978 . 964 . 07820
1.0 . 5444 1830 .9367 1.000 1.091 1.0 .3853 . 2887 .6012 1.000 . 02305
1.4 . 5605 1866 1.064 1.020 . 9549 1.4 . 3933 . 2943 . 6672 1.020 —. 004574
1.8 . 5731 . 1895 1.177 1.035 . 8549 1.8 3996 . 2087 L7244 1.035 —. 02481
2.2 . 5836 L1917 1.278 1.048 7774 2.2 4046 .3022 L7752 1.047 —. 04048
2.6 . 5924 1936 1.371 1.058 7147 2.6 4089 . 3051 . 8213 1.057 —.05310
3.0 6000 1953 1.458 1.067 6633 3.0 4125 3076 . 8636 1. 066 —. 06353
3.4 . 6068 . 1967 1.539 1.075 L6195 3.4 4156 .3098 . 9029 1.073 —. 07238
3.5 . 6083 . 1978 1.558 1.077 . 6096 3.5 4164 3103 . 9124 1.075 —. 07438
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TABLE III—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (Nz,=1)—Con.

(8) Heat-transfer cases—Continued

’ ’ ) r'
8 fu fw » p Ay,
t,B=1)
Case 17:
t.—l,’z— 1; t5=2; V , =14,300 {ps; £ v=0.10; :"—0.05;
Nersw=0.609; £L2 —0,4407
Puiiv
0 0.3584 0.2679 0.3584 0.8894 0.2437
.5 3900 200 . 5315 .9631 1057
1.0 4059 3012 . 6465 1,000 04528
1.4 L4146 3072 27202 1.020 01505
1.8 L4214 3119 L7844 1.036 0
2.2 L4968 3156 8413 1.048 —. 02417
2.6 .4313 3187 L8032 1.058 —. 03796
3.0 .4352 3214 .0409 1.067 —. 04933
3.4 4386 3237 . 0854 1.075 —. 08799
3.5 4304 3243 - 9961 1.077 —. 06119
Case 18:
t.—l,‘t——l tg=2; V =14,300 Ips; £ ==0.20; :—';=0.10;
Nrrsow=0.768; L2 —0,5790
Putiv
0 0.3965 0.2890 0.3965 0.8796 0.3831
.5 L4352 .3155 . 6205 . 9603 .2044
1.0 .4545 -3285 L7705 1.000 1278
1.4 . 4649 . 3356 L8677 1.021 08082
1.8 4729 .3410 - 9526 1.038 06210
2.2 4795 .3454 1.029 1. 051 04073
2.6 4848 .3480 1.008 1. 062 02353
3.0 .4806 .3521 1.162 1.072 009336
3.4 -4937 .3548 1.222 1.080 —. 00268
3.5 L4945 . 3555 1.237 1.082 —.00537
® . 6079 4280 | ... 1303 | ...
Case 19:
t,=1; %’=1; tr=1; V_ =20,400 Ips; §»=0.0152; I—=0 0152;
Npesow=0.709; 2L =0, 2322
Pufin
0 0. 2652 0.2230 0.2652 0. 8977 0.1173
.5 U867 - 2399 .3752 - 965 02835
1.0 . 2978 . 2485 4470 1,000 —. 01139
1.4 13038 2531 . 4924 1.019 —.03142
1.8 - 3085 2567 L5314 1,033 —. 04610
2.2 3123 2596 5657 1. 045 —. 05752
2.6 3154 2621 L5966 1,055 —. 06670
3.0 .3182 2641 16248 1.063 —. 07430
3.4 .3205 2659 6508 1.070 —. 08079
o - 3847 331 | . 1260 | .ol
Case 20:
t.—l,tt——l tg=1; V_ =20,400 {pS; {w=0.03; Z—';=0.03;
Npesiw=0.680; L2 —0,2009
Puttv
0 0.2048 0.2341 0.2948 0.8957 0.1484
.5 .3103 L2522 4227 . 9649 04597
1.0 .3318 . 2614 5068 1.000 00038
1.4 . 3386 L2664 . 5603 1.019 —. 02254
1.8 13439 . 2702 . 6063 1.034 —. 03936
2.2 13482 - 2733 L6471 1.046 —. 05241
2.6 .3518 L2759 -6830 1.056 —. 06202
3.0 L3649 L2781 7176 1.064 —.07163
3.4 .3576 . 2801 7488 1.071 —. 07900
3.5 .3582 . 2805 7563 1.073 —. 08068

Sy
8 Tw $w Iw —_— ay
t,B=1)
Case 21:
t=1;2=1; tx=1; V_ =20,400 fps; £w=0.05; " Fo=005;
.
Npr,o=0.699; 20,3550
Putho
0 0.3230 0.2580 0.3230 0.8932 0.1869
.5 .3506 . 2785 . 4705 . 9641 06953
1.0 13646 2889 . 5682 1.000 01762
1.4 L8722 2945 - 6306 1.019 —. 00844
1.8 .3782 2988 .6845 1.034 —. 02754
2.2 13830 3023 L7324 1.047 —. 04236
2.6 13870 3053 -7758 1. 057 —. 05429
3.0 -3905 3078 .8157 1.065 —. 06418
3.4 -3935 3099 .8527 1.073 —. 07254
3.5 .3942 3104 -8616 1075 | .
Casc 22:
t=1; 221, tp=1; V_ =20,400 fps; £0=0.075; "—“’«o 075;
t ®
Nprsw=0.735; & =0.4146
Wil w
0 0. 3461 0.2832 0.3461 0. 8904 0.2290
.5 . 3765 . 3064 L5127 . 9634 . 09701
1.0 13020 .3180 .6235 1,000 -03905
14 ~4004 .3243 16947 1,020 -01001
L8 - 4069 .3202 L7564 1.035 —.01125
2.2 .4122 .3332 L8114 1.048 —.02773
2.6 .4166 ©3364 .8614 1.058 —. 04101
3.0 - 4204 .3303 19074 1.067 —. 05200
3.4 14237 -3417 19502 1.074 —. 06126
3.5 14245 -3423 -9605 1.076 —. 06339
Case 23:
i , ) N
t=1; =15 ta=1; 1, =20,400 fps; £+ =0.10; 32 =0.10;
Npefw=0. 768; £ Deite £ =0.4571
0 0. 3607 0. 3004 0.3607 0. 8880 0.2653
.5 .3933 .3257 5422 - 9627 21219
10 -1098 .3383 L0633 1.000 £ 05922
1.4 .4187 .3452 L7418 1.020 -02791
1.8 <4257 23504 -8002 1. 036 - 005017
2.2 L4313 .3547 . 8608 1.048 —. 01276
2.6 -4360 .3583 -9249 1,059 —. 02704
3.0 .4401 .3613 .9758 1.068 —. 03887
3.4 14436 -3640 1.023 1.076 —. 04886
3.5 L4444 . 3646 1,035 1.078 —. 05114
Case 24:
t.=1;zt—'=0.8;tx=1; V', =20,400 Ips; § w=0.0152; 2“_0.0152;
N
Nprsw=0.709; 22 —0 2505
Pufiv
0 0.2703 0.2206 0.2703 0.9008 0.1702
.5 . 2916 . 2365 . 3733 .9658 06810
1.0 -3030 . 2449 L4415 1.000 2044
1.4 -3093 . 2495 L4847 1.019 —. 003914
1.8 3142 ~9531 . 5218 1.034 —.02190
2.2 .3182 - 2560 5544 1.046 —.03593
2.6 .3216 2585 . 5838 1. 056 —. 04728
3.0 13245 . 2606 L6107 1.064 ~. 05672
3.2 3258 .2616 .6233 1068 | cooemoees
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N, .=1)—Con.

(a) Heat-transfer cases—Continued

. . " t . . . . 8o
B 2% (9% w ; A% B [ S w ; Ay
¢,B=1) fL.6=1)
Case 25: Case 20:
t.=1-‘ =0.6; ta=1; V_ =20,400 fps; £ »=0.015%; ﬁ"_o o152; L=1; tt—'=0.6;tg=l; V_, =20,400 {ps; £w=0.03; 'f—o 03;
Nprsw=0.709; 22 —0.2763 Npew=0.680; 242 -0.3462
Pultv Pufiv
0 0.2764 0.2189 0.2764 0.9035 0.2577 0 0.3071 0.2293 0.3071 0.9018 0.2926
.5 .2975 .2340 .3718 . 9656 L1349 .5 L3311 L2454 . 4181 . 9652 1717
1.0 .3093 L2423 4360 1.000 - 07491 1.0 -3444 12543 4933 1.000 1028
1.4 .3159 .2470 4768 1.019 - 04374 1.4 .3519 . 2593 .5415 1.020 06706
1.8 13212 2507 .5119 1.035 02049 1.8 .3578 - 2632 L5830 1.035 04041
2.2 .3255 2537 L5498 1.047 002271 2.2 .30627 - 2664 L6198 1.048 01955
2.6 .3291 2563 L5707 1.058 —.01251 2.6 3669 - 2692 L6531 1.059 00262
3.0 .3323 2585 . 5961 1.067 —.02483 3.0 3704 L2715 L6835 1. 068 —.01148
3.3 13344 2599 6138 1078 | oo
ST - - Case 30:
Case 26: ‘s . .
. . ta=1; 3'=0.4; tx=1; V', =20400 fps; £ »=0.03; 7¥=0.03;
to=1;7'=04; tz=1; V', =20,400 fps; £ =0.0152; 12 =0.0152;
Petis Npr.0=0.680; ££2 =0 3077
Np:.f0=0.709; ——=0.3174 Prlw
Prfv O
I 0 0.3153 0. 2286 0.3153 0.9039 0. 5135
0 0. 2840 0.2185 0.2840 0.9055 0. 4294 .5 . 3391 -2439 L4163 . 9646 .3279
.5 -3049 .2329 . 3707 -9652 -2082 1.0 3530 . 2528 L4862 1.000 .2329
1.0 L3172 L2413 4304 1.000 1855 1.4 ~3611 . 2580 L5312 1.020 L1825
1.4 .3244 - 2461 L4686 1.020 1416 1.8 3675 .2621 - 5701 1.037 L1445
1.8 -3301 - 2500 L5015 1. 036 1085 2.2 3729 . 2655 -6047 1.050 1147
2.2 13348 2532 . 5306 1.050 08248 2.6 L3775 L2684 -6359 1.062 09034
2.6 .3388 2559 5567 1. 061 - 06123 3.0 . 3815 .2710 L6645 1.072 06999
3.0 13423 .2583 L5806 1. 071 04348 3.4 .3849 L2732 -6909 1.080 05264
3.4 L3454 2604 6027 1080 | oo o
— Case 31:
Case 27:
. " t=1;4220.2; £z=1; V_ =20,400 {ps; =0, 03,7 =0.03;
t=1; ?‘02 te=1; V,=20,400 fps; £5=0.0152; 72=0.0152; ts
e Nee.w=0.680; 224 —0.5048
Nprw=0.709; 22 =0.4028
Puiw . e . -
T 0 0.3263 0. 2298 0.3263 0. 9052 1.085
0 0.2041 0.2200 0.2941 0.9065 0.9216 .5 3500 4146 .9633 17834
.5 . 3149 .2339 L3701 . 9638 L6591 1.0 3649 4778 1. 000 L6175
1.0 .3281 . 2427 L4241 1. 000 L5147 14 3738 5189 1,022 L5274
1.4 .3360 .2479 4592 1022 .4363 1.8 L3811 . 5546 1.040 4589
1.8 3424 L2522 4895 1.039 3766 2.2 -3872 . 5865 1.055 - 4044
2.2 3479 L2558 5164 1,054 3291 2.6 .3925 L6153 1. 068 3507
2.6 3526 .2589 5407 1. 067 2901 3.0 .3072 6417 1.080 13222
3.0 3567 .2617 5620 1.078 2574 3.4 .4013 6663 1.090 -2601
3.4 L3604 L2642 5834 1. 089 2295 3.5 .4023 8721 1.092 L9825
Case 28: Case 32:
=1 t?—os tz=1; V', =20,400 Ips; £ w=0.03; ; " _003 t=1; t—_os te=1; V' =20,400 [ps; ¢ w=0.10; ;‘—“—o 10;
Ne.f.0=0.080; Lele_0 3139 Npr.rw=0.768; %=0.4932
Puwilr
0 0. 3004 0.2313 0. 3004 0. 8989 0.2107 0 0.3671 0.2955 0.3671 0.8918 0.3574
.5 L3247 12483 4203 L9652 . 09301 .5 . 3994 .3191 L5377 . 9631 L1925
1.0 13375 2573 5002 1.000 .03832 1.0 4163 L3314 -6530 1.000 1173
1.4 13446 12622 L5511 1.019 .01042 1.4 4257 -3381 L7276 1.020 L07915
1.8 .3502 2661 5950 1.034 —.01018 18 4330 13433 L7925 1.036 -05101
2.2 3548 2692 6338 1.046 —.02625 2.2 4390 .3476 - 8504 1.049 - 02909
2.6 . 3586 2719 6689 1.057 —.03925 2.6 4440 3512 .9032 1.060 .01142
3.0 -3619 2741 7010 1. 065 —. 05005 3.0 .4483 .3542 -9519 1. 069 —. 003251
3.1 .3626 2746 7086 1. 067 —. 05247 3.3 .4512 3563 - 9862 1075 | ool
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N..=1)—Con.

Case 33:
12)

0.3747

Neprsw=0,768;

Lells g 5440
Purktv

(a) Heat-transfer cases—Continued

ho

ti=1; E—-=0.G; tg=1; Vm =20,400 fps; ¢»=0.10; .—=0.10;

he

A% 8 U

Case 37:

Npr.s.0=0.087;

Pelle _¢ 2569
Puwltw

0 0. 2916 0.3747 0. 8952 0. 5075 0 0.2778 0.2203
.5 . 4067 .3137 5330 . 9632 3092 .5 .3010 . 2469
1.0 14242 .3257 6419 1.000 2142 1.0 3128 2558
1.4 -4341 .3324 7125 1.021 1652 1.4 .3193 2607
1.8 .4419 .3377 7740 1.037 1288 1.8 .3243 2644
2.2 . 4483 . 3420 8291 1.050 1003 2.2 3284 2674
2.6 4537 . 3457 (8792 1.061 07718 2.6 .3318 2700
3.0 4584 13189 9255 1.071 05799 3.0 .3347 2721
3.4 .4625 .3517 9686 1080 | e . 3.4 3373 2740
) - o 3.5 3379 2744
Case 34:
‘s h Case 38:
=1 =045 te=1; V_ =20,400 [ps; {2=0.10; *=0.10;
N progor=0.768; 22 —0,6249 b oo
Pl Nprgow=0.768; "= =0.3613
- —_— Pupw
0 0.3840 0. 2891 0.3840 0. 8980 0.7976
.5 - 4156 - 3099 5280 -9628 5470 0 0.3257
1.0 14340 .3219 6201 1,000 . 4062 .5 L3539
14 L4445 L3288 6951 1,021 3360 1.0 L3652
18 - 4530 .3342 7528 1.038 2850 14 3760
2.2 -4600 . 3388 8044 1.053 2441 1.8 -3%20
2.6 - 4660 L3497 8514 1.065 ~2108 2.2 L3869
3.0 L4712 L3461 8048 1.075 11829 2.6 L3911
3.4 14758 L3491 0353 1.085 L1593 3.0 3046
3.5 . 4760 .3408 9450 1,087 L1530 3.4 3977
3.5 3084
- - - - ® L4838
Case 35:
z,=1;t—’=0.2; tg=1; V_=20,400 rps;r.,=0.10;'i‘=0.|0: Cuase 39:
ts © he
Nprog.w=0.768;" 2 —0,7931
Puwlhn
— N pros. e =0.768; "":L‘—=0.3397
0 0. 3965 0.2889 0.3965 | 0.9002 1.613 .
.5 -4276 : L5218 L9616 1192
1.0 L4471 2 1.000 L9645 0 0. 2871
1.4 4558 1.023 K393 .5 L3087
Y 1694 1,042 7449 1.0 L3201
2.2 4704 L7721 1.058 6700 1.4 . 3263
2.6 1833 L8152 1.071 6086 1.8 L3312
3.0 4891 -8540 1.083 5571 2 L3351
3.4 L4948 - %920 1.094 5131 2.6 .3385
3.5 -4961 - 9009 1.096 5030 3.0 L3413
o 3.2 . 3426
Case 36: -
i h Case 40:
L=1; ==1; 1g=0.5; V_=29,000 Ips; { »=0.0076; 1==0.0152;
ta © hg
N peorw=0,709; 222 _ 01835 L u
Pulte Nprofw=0.768; £ —0 4097
N . PR Puttw
0 0. 2362 0.2036 0. 2362 0.8978 0.1117
.5 . 2556 .2190 .3357 . 9656 03141 0 0. 3388 0.2829
1.0 2655 L2268 - 4008 1.000 .5 . 3663 . 3031
1.4 2700 2310 . 4421 1.019 : 1.0 .3815 3142
18 2751 12313 L4775 1.033 1.4 L3901 3204
2.2 2786 . 2369 . 5088 1.045 1.8 -3970 3253
2.6 2815 . 2392 . 5370 1.055 2.2 . 4026 . 3293
3.0 28390 L2410 . 5627 1.063 2.6 14073 .3327
3.4 2860 . 2427 . 2865 1.070 3.0 L4115 3357
m 3440 J2R55 | .l 1259 | _Lo_llll 3.4 L4151 3383

B
fo=1; 8= 1; L5 =0.5; V_ =20,000 pS; §0=0.02; 22=0.04;
,

.’ r“
v - AL
t,B=1
he
0.2778 0. 8962 0. 1462

. 3094 . 9651
L4794 1.000
. 5303 1.019
L5742 1.034
L6132 1.045
. 6484 1.055
. 6807 1.064
-7105 1.071
L7177 1073 | e

0. 3389
. 4710
. 5617
. 6204
L6713
L7167
. 7580
. 7960
.8313

he
fu=1; 2= 1, th=0.5; V_ =20,000 [pS; £ 0=0.05; 72 =0.10;

hg

(=]
[}
o]
2]
=1

B G
[
(=3
o

h
t=1; i—‘=0.s; Le=0.5; V_ =29,000 {ps; { =005 ;Z=0.10;
.

hg

0.8971
0646
1. 000
1.020
1.035
1.047
1.057
1. 066
1.070

huw
t.=1; t—”=0.G; tg=0.5;, VV =29,000 (ps; ¢ =0.05 h—=0.10;
© r

0.3907

R
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TABLE ITI.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N.,=1)—Con.

(a) Heat-transfer cases—Continued

e , ’ e
8 [ g Jw - A% 8 29 [ 99 S - AL
{,B=1) ¢,B=1
Case 41: Case 45:
z.=1;‘t—'=0.4;zg=o.5; V', =29,000 {ps; { w=0.05; Z——o 10; 1,=0.333; ‘t—‘=1; t2=21.9; Voo =3,600 IpS; £=2.198; L—_o 100;
Nirf.w=0.768; 7 Leile _4.4932 Noprew=0.768; £ —1 969
wfw Putiv
0 0.3477 0.2800 0.3477 0.9036 0. 6235 0 0.5163 —0.6410 0.5163 0. 6430 10.70
5| L8148 - 2088 L4672 -9645 . 4121 5| L7584 —. 9120 2. 687 -9148 6. 731
1.0 .3907 . 3008 - 5511 1,000 -3034 10| 8352 —.9969 3.994 1.000 5. 843
14| 3909 13162 .6057 1.021 . 2458 1.4| .8729 —1.038 4830 1.041 5. 461
1.8| .4073 13213 6532 1,037 12024 L8| .9005 —1.068 5. 557 1.071 5,202
29| 4134 -3256 -6957 1.051 -1881 221 L9221 —1.091 6. 209 1. 095 5.012
2.6 | 4187 13292 .7343 1. 062 .1401 2.6 .9396 —1.110 6. 804 1.114 4.866
3.0 .4233 13324 L7698 1.073 ‘1167 30| -953 —1.126 7.355 1.129 3.383
3.4 .4273 .3351 -8028 1.082 - 09678 3.1 | 0576 —1.120 7.487 1183 | o
Case 42: Case 46:
te . I t. R R
—=1:2=0.2: {g=05 17_ =2 S te= Pt : o= =1t p= : = = . 9
L=1; =02 (5=0.5; V7, =29,000 fps; £4=0.05; 72=0.10; 1.=0.333; 5'=1; Lr=3.338; 1", =11,000 fis: £ w=0.05060; ;% =0.0152;
Nprw=0.768; 2L =0 6249 Npe,iw=0.709; 2E< 0 5102
Pupiw ‘ Pupt
0 0. 3595 0.2794 0.3595 0.9060 1. 268 ! 0 0. 2587 030 | 0,835 0.7060
5| L3860 “2971 . 462 - 9634 . 9341 5 - 2939 - 6089 . 9492 4387
1.0 .4028 -3084 . 5369 1.000 L7491 1.0 3096 7703 1.000 -3350
14| .4129 -3152 - 5860 1,022 16478 ! 1.4 -3178 L8708 1.014 <9869
18| .4212 .3208 . 6291 1. 040 L5704 1.8 3240 -9564 1. 046 L2519
29| L4283 -3255 . 6676 1.055 - 5087 1 2.2 3290 1.032 1. 054 L2954
2.6 | 4344 13206 .7027 1.069 L4580 2.6 3330 1,099 1. 069 L2044
3.0 .4398 .3332 . 7351 1.081 -4153 3.0 3365 1.161 1,081 1872
3.4 L4446 -3365 . 7652 1.091 .378% | 3.3 3387 1.204 1.094 - ;
3.5 | L4457 .3373 L7724 1. 094 .3704 S 4098 | .o O S
Case 43: Case 47:
1,=0.333; ‘t—’=1; (r=21.9; V7 =3,600 fps; {w=0.3333; 5i'i_o 0152; {.=0.383; tf=" 1r=3.333; 1" =11,000 fps; £uw=0.15; ;‘—”—0 045;
Npesw=0.708; 22 —1,000 N, e=0.693; 20,7513
Puftu ( puti
- ‘—| - -
o 0. 4010 0. g?g“ 0.4540 0.7735 : 0. 4054 | 0. 2554 0. 4054 0.8155 1.142
. . 5476 L2725 1.053 . 9344 5 k)
e PN F{k bt Lone 4699 . 2692 ~7910 . 9440 17460
Lo - i e 1o ‘ -4980 13169 1,035 1,000 6000
. . -3014 2 : | 5w S3261 1.189 1.029 - 5310
1.8| .6199 - 3087 1.867 1. 059 paps o g 1o PR
22| L6314 .3145 2.049 1.078 I - 3331 -0 .
36 0g09 3105 291 1 oae ‘ 2. .53 -3386 1,442 1. 068 .4450
30| aso 5232 3 366 Rt ! ; | .5308 S3432 1.550 1.083 L4156
- . 3067 5 50 112 ' . 5460 .3470 1. 649 1.095 .8918
3.4 0558 3267 2.508 12 I -5513 13503 1742 1.106 -
3.5| 6574 .3275 2. 542 1.123 L7859 ' i 3999 N
@ BEL 006 | 1404 | il . [ e A B
! | f - - '
Case 44: | ‘ Case 48:
‘ . . by
t.=0.333:t[—'=1;15:21.9; 17, =3,600 (ps; £»=1.000; "—=0 0456 | ‘ £.=0.333; tt—=1;t,;=3.333; U =11,000 Ips; ¢ ==0.3333; '—=o 100;
Npeirow=0.693; "‘“i—l 475 ‘ Nperw=0.768; 21,009
whtr pultw
N - - | B | .
0 —0.05204 | 0.4944 0.8031 5. 645 f 0 0. 4490 0.23%6 | 0.4490 0.7881 1.778
. —06279 | 1.820 .9525 3.708 5 ‘ 5335 L2838 - 9965 .9374 1. 19t
1. — 06592 | 2 635 1000 3.190 ; 1.0 5690 3027 1,345 1.000 L9860
1. — 06736 | 3.156 1,022 2.961 1.4 5874 .3125 1,568 1.032 . 8907
1. —. 06836 | 3610 1.037 2.803 1.8 6012 23199 1.761 1.057 - 8235
2. —06910 | 4.016 1.048 2. 686 9.2 6121 -325% 1,935 1.076 LT
2, —. 06968 | 4.387 1. 057 2. 596 2.6 65212 23306 2,093 1.092 7329
3 —.07014 | 4.731 1. 064 2523 ‘ 3.0 6289 L3347 2,940 1.105 -7003
3. —07043 | 4.974 1,069 | oeoo. i 3.4 6355 .3382 2376 Lz | L.
|
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (Ni.=1)—Con.

(a) Heat-transfer cases—~Continued

Case 49:
£,=0.333; t!—’=0.8; {g=3.333; V

Npefw=0.709; L2 —0 5537
Pulw

0 0.3517 0. 2591

.5 . 4007 2042
1.0 .4234 3104
1.4 L4354 -3189
1.8 . 4446 -3254
2.2 -4519 3306
2.6 - 4580 . 3349
3.0 - 4631 .3385
3.4 . 4676 3416
35 | L4086 3423

Case 50:

£,=0.333; ’[—'=0.n; 1£=3.383; 1~

Npre=0.708; °™=0.6125
Pubhw

' 0. 3563

0 | 0.2507
.5 4065 | 2048
1.0 30T | 3116
1.4 L4437 L3206
1.8 L4537 L3275
2,2 L4618 . 3330
2.6 . 4686 . 3376
3.0 4743 .3415
3.3 4781 . 3441
("ase 51:
=0.333;l[—'=0.4:/n=3.333; 1
Nprow=0.7085; P =0 7067
Pubr
|
0 Poo.seo 0 0.2005
.5 L4143 2
1.0 . 4408
1.4 . 4553
1.8 . 4666
2.2 L4759
2.6 . 4836
3.0 . 4902
3.2 L4932
Case 52:

Nprrw=0.709; 2L =0 9054
Puitw

0 0. 3695 0. 2620

.5 429 . 3020
1.0 4611 L3222
1.4 4786 3335
1.8 4923 3423
2.2 5036 3495
2.6 5132 . 3556
3.0 5216 3608
3.1 . 5234 3620

|

e o, C1-
=0.333; E—O.Q, 1£=3.333; 1"

" fw At
- g
{,8=1)
=11,000 fps; ¢ »=0.05066; ’——-0 0152;
0.3517 0.8347 0.9348
. 6074 - 9479 6055
.7675 1,000 .4735
L8674 1,027 . 4097
- 9526 1.048 -3639
1,027 1.065 - 3289
1.095 1.079 L3012
1.156 1.090 . 2785
1.212 1. 101 . 2596
1.226 1.103 2553
o = 11,000 S} £ =0.05066; ——0 0152;
0. 3563 ‘ 0. 8333 1.209
- 065 S0462 682
LTB56 | 1.000 6881
L8655 ‘ 1029 5095
. 9506 1. 051 . 5355
1,026 1.069 4805
1,093 1.083 . 4474
1154 1. 096 .4153
1.197 1.104 . 3047 !
! |
T
=11,000 fps; ¢ =0, 050(1(‘;.2 =0.0152;
0.3620 | 0.8206 1.253 l
- 6091 J9434 LRROT
7690 | Loon 7086
8699 | L031 | 6182
9561 1.055 . 5546
1,032 Lo4 | sose
1. 100 1.090 ‘ . 4661
1,163 1,104 .4341
1.192 1111 1 L4199

=11,000 Ips; ¢ .=0.05066; Z—:=0.0152;

0. 3695
. 6360

ottt bt
—
=)
=3

0. 8130
L9371
1.000
1. 035
1. 062

—
8 [}

Case 53:

Npr.fow=0. 709

(=1
=]
M
=
Q0
1<)

LI IO = =
S moonmhonm
[+
=
=
=

Case 54:

Nprguw=0.711;

<
. e
Qg
&
£
&

badnd A4 Nkt
ORI L R S o
-
o
=

Cuse 55:

Nprorw=0.761;

‘ 0. 3663
L4194

(=1

[t adad A 2t al il
TR O DR X O
IS
~
~
&

Case 56:

Nprrow=0.711;

0. 3421

W= O
HODN®ROL;
'S
€
2
S

§
1

Pete
witwn

Pepie

Pebte

mw 5213
Mo

)
t,=0.333; t_.=1; tg=3.333; V

=0.2940

0. 2058
.2329
. 2452
. 2517

I -
,=0.333; Z=1: L y=3.333;
t 33 . 1, Lx=3.333; 1

=0.453
upw

0. 2511
. 2858
. 3014
. 3096
. 3158
. 3208
. 3229
. 3283
. 3313

oo le o, P
t,=0.333; L—l.[n—O.GG:, Ve

=0.5790
o

0. 2848
. 3255
. 3438
. 3533
. 3605
. 3663
.3710
. 4750
. 3785
.3793
. 4658

=0.333; tf=0.8; tg=0.667; 1

=25,100 ps; ¢ w=

=25,100 [Ps; tu

=]

. 3343
. 6059

e
%]
o]

L9255

© =25,100 fps; ¢ w=

0.3421
. 5987

bl ol ol el
—
1=
@

=0.040;

=25,100 fps; o =0.06667; llf=n.100;
he

0. 8285 0.8324
. 9470 . 5292
1. 000 4137
1.028 . 3587
1.049 . 3194
1. 065 . 2895
1.079 . 2658
1.091 . 2465
1101 . 2302
1.103 . 2266
1.366 | ..
0. 040, h =0.060;
0.8345 0. 8919
. 9472 5836
1.000 . 4587
1.028 3980
1. 049 3542
1. 067 3207
1.081 2041
1.093 2721
1. 096 2673

0.01013; h——O 0152;

o

"hy

N
’— " =0.060;

0. 7059
. 4419
. 3404
. 2919
L2572
. 2308
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N.,=1)—Con.

(2) Heat-transfer cases—Continued

, . y fe . . " o
B [ $u Jw - A B [ 4% Jw - Ay,
$L,6=1) t,(B=1)
Case 57: Case 61:
1 .
£,=0.333; tt—'=0.6; ££=0.667; V_, =25,100 fps; {'w=0.040; ﬁ:o.oeo; 1,=0.333; lt—=1; t2=0.333; V' =35,600 1ps; { »=0.015; 2—:=0.o45;
. .
Nprgow=0.711; L’Z—‘=0.5754 Npesw=0.693; 22 —=0,3405
Priihw Pufiw
0 0.3464 0.2517 0.3461 | 1.192 0 0. 2878 0.2162 0.2878 0.8385 0.5445
.5 . 3037 . 2848 L5000 | 8149 .5 . 3267 . 5023 . 9495 . 3348
1.0 L4171 .3011 .7495 6529 1.0 . 3445 .6372 1.000 -2530
1.4 .4299 . 3009 L8510 5724 1.4 ©3538 7219 1.027 2138
1.8 .4397 L3167 - 9385 5137 1.8 3609 7944 1.047 1857
2.2 L4477 13229 1.016 4685 2.2 3666 8583 1.063 1642
2.6 L4544 .3268 1.086 ~4324 2.6 3713 9159 1.076 1472
3.0 L4602 -3307 1.150 L4028 3.0 3753 9655 1.087 1333
3.2 L4627 13325 1180 | 1104 | ... 3.3 3779 ! ’ 1.005 1.094 | __________
Caso 58: Case 62:
. . - A . «
£,=0.333; 1=0.4; £2=0.667; 77_ =25,100 [pS; £ =0.040; - =0.060; £=0.333; 5= 1; 12 =0.338; V_ =35,600 Ips; = =0.08333; ' =0.100;
te © he £ o he
Npejor=0.711; 222 —0 8131 Nproow=0.768; 242 0 4571
Pl Puihic
0 0.3515 | 0.3515 0.8376 1.767 0 . 3305 0.2696 | 0.3305 0. 8352 0.6711
.5 . 398 L5788 L9443 1. 264 N L8762 .3063 . 5890 . 9487 - 4189
1.0 4231 .7318 1.000 1.032 1.0 13228 7526 1.000 3214
1.4 . 4369 . 8209 1.03L L9138 1.4 3313 8559 1027 2747
1.8 L4477 L9148 1.055 .8266 L8 .3381 0446 1.047 2413
2.2 4367 -9902 1.075 L7588 2.9 L3433 1.023 1.064 2159
2.6 . 4642 1.058 1.092 17040 2.6 3477 1. 094 1.077 1957
3.0 . 4707 . 1.121 1.106 6588 3.0 3514 1.159 1.088 1791
3.3 L4750 .3306 1.165 1116 3.4 3545 1.219 1.096 1686
o ® 4341 | 1345 | L.
Case 59: ; ’ Case 63:
09 rapm T DR R N .
1:=0.333; "=0.2; t5=0.667; V, =25,100 [ps; £ w=0.040; ;- =0.060: t;=0.333;%—‘=0.8; £5=0.333; V_ =35.600 Ips; ¢ »=0.03333; Z—"’:O.IOO;
] E
_n1y.Peke -
Neruo,=0.711; 24 ~0.9173 Npofow=0.768; 222 —0 4930
Pullw
- : | —_— } . -
0 0.3578 0.2545 0.3578 0. 8398 3.423 ! e e s -
5 i " oed " Soos 5120 5 571 ! 0 ’ 0. 3342 0. 2692 0. 3342 0.8372 [ 0. 8459
; oozt ! s (3798 | 49 5813 . 9479 5532
1.0 . 4301 - 3030 L7062 1.000 2.146 P iots ) 204 L oo oaas
1.4 . 4454 L3132 -7994 1.033 1.920 I aE0 o i : -43
5 813 ) 9 . ! .8413 1,028 . .3759
1.8 L4577 3213 - 8806 1. 060 1.750 ! : a0l o
: ¥ 1.8 219 | 9281 1.049 .3339
2.2 L4680 -3281 .9531 1.083 1.616 oo : 9919 9
22 s Eries o 1309 1o 2.2 4200 L3428 1.005 L. 066 13018
Ry s s "0 it 2.6 1349 . 3474 1074 | 1.080 2763
3.0 .4845 .3390 1.079 1119 1.416 : :
3.0 4400 L3512 1,133 ‘ 1.092 .2553
_ L P 3.1 4411 .3521 1.153 1095 | ...
I
Case 60: i
L. } N Case 64:
£=0.333; =1, Lg=0.333; 1", =35,600 [ps; T.=0.005006; ;% =0.0152; L i
ta e L=0.383; ;1=0.6; £ =0.333; 1”, =35,600 Ips; £ =0.03333; ;£ =0.100;
Npegw=0.709; ££ 0 2321 i oo
Putino Nprpow=0.768; 2725 =0.5440
O — R - —_ . _ whtr
0 0. 2391 0. 1858 0.2301 0. 8405 0.4310 T 3 T B
.5 .2709 . 2100 -4113 .9500 L2617 0 0.3385 0. 2603 0. 3385 0.83¢3 1.125
1.0 . 2855 12210 -5191 1.000 L1955 .5 .3%38 -3038 L5719 .04€9 L7708
1.4 . 2032 L2269 . 5864 1.026 -1636 1.0 . 4064 303 L7456 1.000 L6173
1.8 . 2990 .2313 L6439 1. 046 1.4 L4187 -3301 L8235 1.0:9 . 5409
2.2 .3037 .2348 - 6944 1. 062 1.8 L4283 .3373 ~9080 1.051 .4852
2.6 .3075 L9377 .7398 1.075 2.2 -4360 13430 L9430 1.069 L4422
3.0 .3108 - 2401 L7811 1. 086 2.6 4425 ©3479 1.051 1
3.1 .3116 . 2407 L7909 1.089 3.0 4481 - 3520 1.113 1
« .3852 L2042 | L. 1.331 3.3 L4518 L3548 1.157 1
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TABLE III.—TABLES OF.SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N;.,=1)—Con.
(a) TIeat-transfer cases—Continued

’

[ 2%
$LB=1)

'’
»

f

Case 65:
te_ oy, r
1,=0.333; Z_0'4’ tg=0.333; V’ ©

Delte

Npr.frw=0. 708 =< =O .6248
0 0.3435 0. 2699

.5 . 3880 . 3031
1.0 L4117 3206
1.4 L4250 3303
1.8 . 4355 3380
2.2 . 4441 3442
2.6 . 4514 3495
3.0 . 4576 3541
3.4 4632 3580
3.5 4645 3550

Case 66:

t,=0.1; lt—'=1.(); tg=6.58; 1~

AL

hg
0.3435 0.8419 1. 652
. 5504 . 9455 1. 188
. 7056 1.000 9712
. 7908 1.030 8605
. 8813 1.054 7784
. 9538 1.074 7146
1.019 1.080 G631
1. 080 1.105 6205
1. 136 1.117 5844
1. 149 1,120 5762

=35,600 fps; £.,=0.03333; 12 =0.100;

Lx=0.333; 17 =35,600 ps; ¢ »=0.03333; 2—:=0.100;

,=0.333; t—'=o 2
Npry,w=0.708; 222 —( 7031
Pkt w
0 o6 | 024
.5 30922 | a5
1.0 . 3205
14 L4317 L3310
1.8 L4435 - 3304
2.2 . 4534 . 3464
2.6 L4618 13525
3.0 L4693 L3578
3.4 L4758 . 3624
3.5 L4774 L3635
Casc 67:
L=0J:%=lﬁﬂn=ﬁﬁ&\'
Npeorw=0708; 24 =1
Pupwu
0 0. 4070 0. 2732
.5 ~ 5550 L3742
1.0 - 6060 L 40K2
1.4 6304 4247
1.8 L6442 © 4368
2.2 L6621 L4462
2.6 _B733 4533
3.0 L6826 4601
3.3 L 68R7 4642
o L8679 5817
Case 68:

o
Nperw=0.693; LH =1 475
Pultw
|
0 0. 4599 0.2198
.5 . 6659 .3222
1.0 S7313 . 3548
1.4 L7632 .3707
1.8 . 7865 L3823
2.2 “8046 .3914
2.6 .8102 . 3987
3.0 -8315 ~4048
3.3 -8394 - 4088
) 1.082 L5279

0. 3496 0. 8468 ‘
L5395 L9439
L6749 1,000
L7618 1.033
LR386 1,039
L9072 1,081
L9695 1.100

1,027 1. 116

Loso | 1181

LW 1w

b
700 (s £ =0.10; 7 =0.0152;
I 0. 5693
[ o7
1.000
‘ 1.041
1. 070
1.093
1112
1127

3460 1.137

e | 1425
h.r

=7,600 [ps; & »=0.30; ;— —() 0456;

. 8194
. 9080
1. 000
1.045
1.078
1. 103
1.124
1141
1.152
1.488

$u
B [ $o S - Ay
£,.B8=1)
Case 69:
t.=0.1; g—'=1.0; tg=6.58; Vm =7,600 ps; ¢ »=0.6579; }’?=0 10;
A
Ners,w=0.768; "——":: =1.969
0 0.4934 0.09331 0. 4934 0. 5393 13.21
.8 . 7609 L1544 2.915 . 8027 8. 065
1.0 8410 . 1730 4. 326 1.000 7.014
1.4 8797 . 1821 5,218 1.052 6. 567
1.8 8079 . 1888 5. 988 1.091 6. 265
2.2 9208 . 1940 6.673 1.121 6.045
2.6 9476 . 1982 7.287 1. 146 5. 876
3.0 . 9624 L2018 7.871 1. 166 5. 741
3.1 . 9657 . 2026 8.009 L1710 | oo
Case 70:

{. -
L=0.1, - =1.0;tg=173; 17,

ls

Npe,f,e=0.700;

=15,500 Ips; ¢ »=0.0262; 2—:=0.0152;

”'“'—0 6199
e

0 0. 3293 0. 2410 0.7318 2,229

A L4171 . 3054 L4273 1. 463
1.0 YT . 3223 1. 000 1.232
1.4 L4660 L3412 1. 036 1.128
1.8 L4779 . 3500 1. 063 1. 056
2.2 R ATE] . 3568 1.084 1. 003
2.6 4040 . 3624 1. 100 . 9616
3.0 .5013 L3671 1.114 . 9282
3.1 . 5068 L3710 11272 | ..
3.5 | . 5080 L L3719 1.129 . 8944
Case 71:

t=0.1; t[=0.75; Lg=173; 1'm =18,500 Ips; ¢ ..=0.0262; 7——0 0152;

Niper,w=0.709;

"

PR —0) 6861
Py

0 0.3317 0.2417 02417 0.7259 3.019

5 L4223 L3074 .9231 2,001
1.0 L4576 4330 1.000 1.676
1.4 . 4755 3459 1. 039 1. 526
1.8 ~4%80 3554 1068 1.422
2.2 -4994 3630 1.090 1.343
2.6 L3081 3692 1.109 1.282
3.0 .5153 3744 1.124 1.232
a1 L5170 3755 L128 | ..

Case 72:
t.=0.1; ’f:o.so; tr=1.73; 1" =15.500 Ips; { »=0.0262; h——o 0152;
N
Nprnw=0.700; 2% ~0 7924
Pt

0 0. 3346 0.2425 0.3346 0.7158 4,769

.5 L4301 L3111 -8763 _9182 3. 536
1.0 . 4692 . 3388 1204 1,000 2940
14 - 4895 -3531 1. 407 1.042 2. 650
1.8 -5049 . 3639 1.579 1.074 2,460
2.2 5171 3725 1.730 1.099 2,309
26 .5273 3796 1.864 1.120 2,189
3.0 L5359 3856 1.986 1.138 2.092
3.3 .5415 . 3895 2,071 Lise | o
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N,,=1)—Con.

Case 73:
te

Npesow=0.709; L2 =1 9
Puttw

0 0.3377 0.2435

.5 . 4505 . 3232
1.0 4973 . 3556
1.4 5222 L3727
1.8 5414 . 3858
2.2 5570 . 3964
2.6 5701 . 4053
3.0 5813 . 4183
3.3 5888 L4179

Case 74:

t.=0.1; tt—‘=1.0; Lg=1.0; V"

£,=0.1; ——0262 tg=173; V

(a) Heat-transfer cases—Continued

. tw
- T
£, 8=1)

=15,000 fps; ¢, =0.0262; 20 0152;

"hg

0.3377 0. 6848 11.74

. 9709 . 9090 7. 567
1.353 1. 000 6. 154
1. 591 1.048 5. 481
1,794 1.085 5001
1.971 1.115 4. 636
2.129 1.140 4. 349
2,274 1.161 4.114
2,374 1175 | ...

h

=20,400 fps; ¢»=0.0152; —~—0 0152;

Npes,0=0.709; 222 _0.5122
putie

0 0. 3012 0.2221 0. 3012 0, 7397 1. 876

.3 . 3780 . 2788 . 7588 . 9286 1.233
1.0 . 4070 . 3003 1.024 1. 000 1. 035
1.4 . 4215 . 3110 1.186 1.036 . 9453
18 . 4323 . 3189 1. 322 1.062 . 8833
2.2 . 4407 . 3251 1. 441 1. 082 . 8371
2.6 . 4475 . 3301 1. 547 1. 099 . 8012
3.0 . 4533 . 3343 1.643 1.113 L7722
3.4 . 4582 . 3379 1,731 1. 125 . 7483
3.5 . 4593 3387 1. 752 128 | ______

@ . 5688 4173 | | eaae 1.390

Case 75:
£,=0.1; tt—'=1.0; tg=1.0; 17 =20,400 {ps; {»=0.05; Z =0.05;
Nperw=0.699; 220 —0.7833
Pt

0 0. 3649 0. 2537 0. 3649 0. 7306 2. 540

] 4626 . 3218 . 9785 9268 1. 676
1.0 4990 . 3472 1.339 1. 000 1.416
1.4 5172 . 3599 1. 863 1.037 1. 299
1.8 5307 . 3693 1.752 1. 064 1.218
2.2 . 5412 . 3766 1.919 1. 084 1. 157
2.6 5498 . 3826 2.068 1.102 1.110
3.0 5571 . 3876 2.204 1.116 1.073
3.4 . 5632 . 3919 2.330 1129 | ...

Case 76
te - hw
=0.1; t—'=1.0;tg=1.0; Dm=20,400 Ips; tw=0. 10,h——0 10;
Npefoe=0.768; 2E< —1,009
Pupv

0 0. 4052 0. 2903 0. 4052 0.7198 3.169

.5 . 5196 L3729 1,159 . 9246 2,093
1.0 . 5617 . 4034 1.607 1.000 1.778
1.4 . 5828 . 4185 1. 886 1. 038 1.636
1.8 . 5983 . 42097 2,125 1. 065 1. 539
2.2 . 6105 4385 2.336 1. 087 1. 466
2.6 . 6204 . 4456 2,527 1.105 1.410
3.0 . 6287 . 4516 2.701 1.120 1. 364
3.4 . 6358 4567 2. 863 1132 | ...

© . 8034 5747 I 1.425 | _.___

B 8 [g

Casce 77:
e Che1n. 1r
t,=0.1; t_.=0'8’ te=1.0; V

Neprs,w=0.768; £ = 1,090
Puibm
0 0. 4073 0.2908
.5 - 5231 3736
1.0 5675 4052
1.4 5900 4211
18 6068 4330
2.2 - 6200 4424
2.6 6309 . 4501
3.0 -6400 -4565
Case 78:

t.=0.1; lt—'=0.6; te=1.0; VV

Nepes,w=0.768; £ =1.206
Pubx

0 0. 4096 0.2913
.5 . 5270 L3744
1.0 L6743 . 4075
1.4 . 5987 . 4240
1.8 L6171 L4374
2.2 6318 . 4476
2.6 . 6439 . 4559
3.0 6541 . 4630
3.4 . 6630 . 4691
Case 79:
Le 10, T
t,=0.1; 7,_0'4’ te=1.0; V

Npesiw=0.768; £ =1 392
Pube

0 0. 4123 0. 2920

.5 5324 . 3760
1.0 . 5835 .4113
1.4 . 6106 . 4298
1.8 . 6313 . 4440
2.2 . 6480 . 45653
2.6 . 6620 . 4648
3.0 . 6738 .4728
3.4 . 6842 . 4797

Casc 80:

£=0.1; tt—'=0.2; tg=1.0; "
.

Ner.re=0.768; £ Lelte L = 1783
0 0. 4155 0.2927

.o . 5471 . 3837
1.0 . 6054 . 4231
1.4 L6372 4443
1.8 - 6620 4608
2.2 6823 4743
2.6 6995 4856
3.0 7144 - 4953
31 7178 4976

TECHNICAL REPORT R—118—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

i
=20,400 ps; £ =0.10; ~£=0.10;
he

0. 4073

597
878
119
332
2,525
2.701

RN

=20,400 fps; ¢ »=0.10;

PR S
e
=
-1

fw

; AL,
fL.B=1)

0.7177 3.944

. 9220 2. 641
1. 000 2,238
1. 039 2.054
1. 069 1.925
1,092 1.830
1.111 1.754
1.127 1.694

h—--—O 10;

"he

0.7149

ottt

h

by

PO w o
-1
Y
=}

R
=20,400 fps; {»=0.10; —P=0.10,'

=20,400 fps; §»=0.10; ——0 10;
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (Ng,=1)—Con.

(a) Heat-transfer cases—Continued

. . " $u . . . . £ .

8 . 49 S - AL 8 [/ {w - A

¢,B=1) ¢L@=1)
Case 81: Case 85:
t=0.1; £2=1.0; £2=0.338; V', =35,60C ps; £.,=0.005066; ;'——0 0152; ta=0.1; 2£=0.6; £2=0.333; V', =35,600 fps; £ —0.015; :'2-0 045;
. ,
Nprw=0.709; ££ =0,3503 Nprf,0=0.603; 22 =0.6127
Petse Prpw
0 0.2510 0. 1871 0.2510 | 0.7485 1.423 0 0 3056 0.2184 0.3056 | 0.7458 2.817

5 .3119 $23%5 -6117 9301 - 9359 .5 .8795 -2708 -7248 -9248 1.042
Lo 13353 2500 8926 000 7822 10 Ja110 “2920 9838 | Looo 1.631
La ‘3471 2587 0520 | 1035 7125 L4 L4274 “3043 1146 1,039 1,484
18 3558 2652 1,061 1.061 6639 L8 -4398 -3130 1.284 1.069 1.379
2.2 3626 2703 1156 1.081 6278 2.2 4498 3199 1108 1.092 1,299
2.6 3682 2744 1.241 1,098 5005 2.8 “a580 3256 1.515 T1i2 1.236
3.0 372 2779 1.318 1112 5768 3.0 4649 3281 1,614 1128 1.186
3.4 3760 2809 1389 1,124 5578 3.4 Za700 3346 1,706 1142 1143
3.5 8779 2318 1.406 1,126 5536 3.5 ~4723 3355 1.728 1.146 1133

© 1699 sz | .. rses | I T )

Case 82: Case 86: . .

L0157 =10, £x=0.338; V7, =35,000 fps; §,=0.015; 12=0.045; 0=0.13 7 =043 Lx=0.383; V', =35,600 fps; £ =0.015; 37 =0.045;

a H
0 aaa. PeBe _o o
Npror,w=0.693 22 =0.5138 Npnur.e=0.008; 220 =0.7051
Pt
0 0.3020 0.2174 0.3020 | 0.7460 1.776 0 0.3076 0.2191 0.3076 | 0.7465 1,048

.5 <8762 -2709 7503 9207 1,169 5 3808 - 2705 -7054 -9213 2871
10 -4047 (2014 1014 1000 19796 10 T4l 12935 ‘9602 | 1000 2,417
14 ~4189 “3017 1177 1,085 -8937 14 -4320 -3059 1122 1.042 2,195
18 -4295 ~3003 1314 1061 8341 18 ~4158 13153 1.260 1074 2,035
2.2 11378 13152 1,435 1. 082 7895 2.2 -4570 -3230 1483 1100 1911
2.6 J4446 13201 1593 1099 7548 2.6 4663 "3293 1.493 1122 1812
30 4503 \3242 1641 1113 . 7268 30 la742 -3348 1,593 114D 1732
3.4 4552 3277 1731 1,125 17036 31 4760 -3360 1.617 rias | LT
3.5 4563 3285 1753 iy | B L
Case 83: Casce 87:

Le 0833 1T =356 . Mo
£=0.1; ét_v=l_0; Lx=0.333; 17 35,600 [ps; ¢ —0.03333; ;:_:-=0_,0; t=0.1; 51=0.2; 5 =0.333; 17 =35,600 ss; £u=0, 015,, < =0.045:
Nrritaw=0.768; £ Eer —0.6897 Nprew=0.608; £ =0.8084
prttw
0 | 03 0. 2700 0.3468 | 07418 21 0 0.3101 0.2200 0.3101 | 0.7478 7,651
Lo <4665 3647 1. 205 1. 000 11193 -8 <4817 2498 <8707 -91i2 5623
14 L4832 L3777 1,403 1036 1,090 Lo -4178 <2041 275 | 1.000 4108
18 " 4955 “3873 1571 1. 062 1.019 L4 4872 B 1.088 1048 4.309
2.2 - 5052 13949 L7 1.083 <9664 3 4028 -3183 1.226 1.082 3.981
2.2 S0 Bt 119 R Dot 2.2 14658 13270 1350 1112 3.725
28 e a0l 52 1% o 2.5 -4769 13345 1,462 1137 3,518
3.0 o a0 5 o I 30 14864 " 3409 1564 1150 3. 346
8.5 5267 “4116 2111 1129 [ 31 4886 3424 1.589 1164 3. 807
" i e 2un e 3.2 4908 13438 1612 T I
Case 84: Case 88:
L=0.1; ‘— =0.8; (r=0333; 1" =35,600 fps; £ w=0.015; :_‘0 045; £=0.038; L= 1.0; £2=2.18; V7, =13,700 1ps; £ 0=0.03333; ;'T_o 0152;
—0 Rog- PeMe _ ote
Nrr.s..=0.683; P 0.5548 Nprsw=0.700; 24 10
Puiw
0 0.3037 0.2179 0.7458 2.175 -

.5 -3779 - 2709 -9273 1.463 0 0. 3496 0. 2507 0.3496 | 0.5660 | 10.10
10 4078 12921 1,000 1227 .5 5554 3998 1971 -9040 6.037
14 4230 ~3029 1037 1118 10 16139 1423 2,840 1000 5241
18 [4314 3110 1.065 1041 14 -6417 4624 3.361 1,046 4,005
2.2 ~4135 3174 1.086 .9837 18 6618 4769 3.795 1,078 4,680
2.5 ~4509 3226 1.104 "9386 2.9 Je771 4880 4170 1.103 4.517
3.0 L4571 3970 1219 “9o2l 2.6 6805 " 4969 4502 1124 4,302
3.4 " 4625 3308 1132 -8718 3.0 6997 -5043 4.801 Lo | -
3.5 1637 3316 1,135 18649 ® -8910 6398 | .. Laz | 11T
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TABLE ITI.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N..=1)—Con.

(a) Heat-transfer cases—Continued

fo .
8 s e fo || A 8 %% L LCE el B
{o8=1) {u(B=1)

Case 89: Case 93:

£,=0.033; 21,0, te=2.19; V_ =13,700 fps; §»=0.10; 22=0,0456; . .
L "he 10=0.033; ;*=0.8; t£=0.333; V', =35,600 fps; £»=0.015; ;2 =0.045;

Nprfow=0.693; £ —1.474
Pultw

Nppsow=0.603; L2 =0 8192
Puttw

0 0.4104 0. 2630 0.4104 0. 5503 13.96
5 6684 14310 2,639 -9017 8. 298
1.0 - 7405 -4779 3.861 1.000 7.159
1.4 .7747 5002 4. 608 1.047 6.711 0 0. 3092 0.2197 0. 3092 0. 6388 5. 862
1.8 -7994 -5163 5. 239 1.080 6. 412 5 4308 .3127 1.201 9095 3.763
2.2 8185 5287 5.791 1.106 6. 194 1.0 4836 “3439 1.708 1,000 3226
2.6 .8337 . 5386 6. 286 1127 6.028 1.4 5052 -3592 2.019 1.044 2.989
3.0 L8464 - 5469 6.737 1144 5. 895 1.8 5210 .3704 2,282 1.077 2. 826
3.1 -8493 C5487 6.844 1148 | .. 2.2 5334 -3701 2.510 1.103 2.706
® 1095 ¢ .7082 | ... Lawg | 100 2.6 5435 -3862 2,714 1,123 2,612
| | 3.0 5519 .3922 2.899 1.140 2.538
oo 30 - - 3.2 5556 .3948 2,985 L8 | L.
ase M
z.=0.033;%=1_0; tg=2.19; V' =13,700 Ips; £ +=0.2193; 2 =0.10;
.
Case 94:
Nper, w=0.768; "’“'—1 969 ; e
ok 15=0.083; *=0.6; {5 =0.333; 1", =35,600 [DS; £ =0.015; 15 =0.045;
0 0. 4546 0.2703 0. 4546 0. 5277 18.82 Npot 0=0.693; "‘“i—o 8984
.5 7654 - 4602 3. 401 - 8987 1088 whh
1.0 8502 5121 5.043 1.000 9.489
1.4 8906 . 5368 6. 061 1.048 8. 908
1.8 9197 . 5546 6.928 1.083 8. 521 _ _
2.2 -9421 . 5683 7. 692 Lo | .
2.6 -9602 L5794 8. 382 1.131 7025 0 0.3101 0. 2200 0.3101 0. 6352 7.658
3.0 .9752 5885 9.014 1.149 7. 854 .5 4418 .3135 1.190 . 9051 4.968
31 -9785 5006 9. 165 L1538 | . 1.0 4885 -3463 1.707 1.000 4237
® 1.273 7688 | ... 1501 | .. 1.4 5120 .3628 2,027 1.048 3.905
1.8 5295 -3751 2.298 1.083 3.674
- - 2.2 5433 .3847 2.535 1111 3. 502
Case 91: 2.6 5545 -3926 2,747 1.133 3.368
‘) . 3.0 5640 -3991 2.939 1.152 3.259
1,=0.033; '=1.0;17=0.338; 1", =35,600 [pS; { «=0.005066; 3~ =0.0152; 3.2 5682 4021 3.030 1.161 3.212
Ner.sw=0.709; "'Z' =0.5122
- I e _ Case 95:
0. } 02554 } 0. 1589 ’ 0.2504 | 0-9u0 | e £=0.033; 520,43 £2=0.333; 17, =35,600 1ps; §0=0.015; ’;‘——0 045;
1.0 . 39;2 [ 333? 1.385 1.000 2.102 ‘
1.4 L4137 -3056 1.628 1.042 1.954 Pere .
18 -4258 .3145 1.830 1.072 1.853 Nprsw=0.693; = " =1.037
2.2 -4351 13214 2. 006 1,096 1.77
2.6 -4426 13270 2.162 1115 1.723
3.0 4489 | 13316 2.304 1.131 1,677
3.3 L4530 -3346 2.401 1141 | . _— — —— s e — -
® ‘ - 5700 ( 4191 | . 1420 | . ‘ 0 ’ 0.3110 0.2203 0.3110 0.6295 11.32
S 5 L4448 .3148 1.185 - 8995 7.427
Case 92: 1.0 ‘ L4952 . 3499 1.717 1.000 6.294
£,=0.033; %=1.0; 1£=0.333; 1" =35,600 Ips; { »=0.015; %—0 045;
Nposw=0.698; 2207513 Case 86:
puttn te - e
. (=0.033; F=0.2; 15 =0.333; VV, =35,600 Ips; £+ =0.015; 2=0.045;
0 0303 | o204 | 0308 | o.6as ‘ 4.780 oo
.5 .4378 | izt | L2t .9131 3.081 Nprsw=0. 693 2 =1.328
1.0 L4794 3418 ’ 1.712 1.000 2. 609 wta
1.4 - 4995 ‘ 3562 2.016 1.042 2. 427
1.8 - 5141 ‘367 | 2272 1.072 2.304
2.2 L5254 r . 3747 2. 494 1. 096 2.213 R o .
2.6 - 5345 3813 2.693 1.115 2.143
3.0 - 5421 - 3867 2.872 1131 2.088 0 0.3121 0.2207 0.3121 0.6114 24.75
3.2 - 5455 3891 2.957 1.138 .5 4560 .3217 1.246 -8914 16.15
® -6916 4010 | . 1436 | .l 1.0 .5128 -3609 1.833 1.000 13,52
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0(N..=1)—Con.

0. 0476

. 02173

. 01235

. 00794

—_—

. 131

. 380
. 9520

. 4760

. 430

. 086

. 4346

. 8125

. 6175

. 5224

. 3970

Vs IDS
11, 300

13,100
20, 900
29, 700

17,000

19, 600
31, 100

22, 700
26, 100
28, 400

32, 600

(a) Heat-transfer cases—Concluded

!
!

. e

Case 97: Additionsl flat-plate solutions (8=0)

S by Npryfyu Pette to Jo
he Pueitv
0476 0. 01520 0. 709 1.0 0. 2608 0. 3683
. 04998 . 699 1. 529 2591 4326
09997 768 1. 969 . 2387 4695
. 01521 708 . 9056 2527 . 3522
.10 768 1.783 2646 4565
. 01523 . 708 . 6535 2222 3037
.10 768 1. 286 2917 4085
. 01521 708 . 5123 1993 2706
.10 768 1. 009 2815 3708
01520 .709 1.0 2374 3282
. 050 . 699 1. 529 2630 3944
.10 768 1, 969 2887 4345
01519 709 . 9052 2279 3136
1004 768 1. 785 2924 4109
. 01519 709 . 6530 1974 2692
. 1001 768 1. 286 2805 3695
01520 . 709 1.0 2184 3002
04997 . 699 1. 529 2519 3646
09994 768 1. 969 L2028 4054
01519 700 . 9053 . 2092 2867
1001 768 1. 783 . 2887 3904
01520 709 1.0 . 2040 2795
04996 698 1, 529 . 2399 3414
09992 768 1. 969 . 2856 3819
. 01519 709 . 9052 1954 2670
.10 768 1.783 2790 3670
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TABLE III.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (N, .=1)—Con

(b) Insulated wall cases

8 7 o, 5 B 7 "M 5
Case 1: T Case 9: T
t,=1;, —=0,99; tg=1 l.—l,;—=0.8; tg=0.5
8
0 0.8315 0. 4698 0. 4698 0 0. 8281 0. 4741 0. 4741
1 . 7935 5706 1. 230 1 7907 5738 1.189
e i 2 7749 6098 1.620
Case 2- L 2.7 7677 6258 1.863
«=1;--=0.95; tg=1 e —— ————
ty Case 10: ¢,
e S L=t =0.6; t8=0.5
0 0.8318 0. 4706 0. 4706 o L
1 . 7942 L5711 1,222
2 787 . 6061 1. 670 0 0. 8241 0. 4790 0. 4790
3 7694 6269 2.023 1 7883 5765 1.136
R 2 7727 6139 1,587
Case 3 ‘. 3 7631 6368 1. 853
t=1;—=08; tg=1 - =
s Case 11: t,
— o= t=1:5=04; t5=0.5
0 0.8331 0.4737 0.4737 * ——
1 L7974 . 5731 1.188
2 7824 . 6091 1.618 0 0.8222 0. 4852 0. 4852
3 7733 6307 1. 956 1 7892 5799 1.074
2 7743 6193 1. 441
- -7 - 3 7650 6441 1.730
Case 4: —a.
fem1:620.6; 1g=1 3.3 7628 . 6501 1.808
R - Case 12; L T
0 0. 8353 0.4787 0. 4787
1 . 8025 5766 1.139
2 7883 . 6142 1. 542
3.1 7789 . 6391 1. 888 0 0. 4933
1 . 9909
Case &; {, § 1‘ ggé
b=l o =04 te=1 3.4 1658
0 0.8378 0. 4851 0. 4851 Case 13:
1 . 8082 . 5811 1.082
2 7951 6210 1. 454 - - -
3.1 7862 6482 1.774
o . 0 0.8316 0. 4698 0. 4698
Case’6: t 1 . 8447 L5711 1. 236
=1, —=0.2;{g=1 o [
s Case 14: t,
— - - -— t,=0.95;t—-=1;tx=1
0 0. 8401 0.4937 0. 4937 i - - -
1 . 8143 . 5867 1.007
2 . 8022 . 6360 1. 337 0 0.8317 0. 4705 0. 4705
3 7946 . 6584 1. 599 1 . 8451 . 5736 1. 253
3.3 7928 L6654 1. 669 i o
—— o — - Case 15:
Case 7: t, 1.=0.333;, —=1; 1g=219
t.=1;—=0.99; t§=0.5
[d
0 0. 8194 0. 4893 0. 4893
0 0. 8341 0. 4698 0. 4698 1 . 8418 7070 2,474
1 . 79586 . 6715 1. 236 2 . 8469 7661 3. 581
3 . 8498 7994 4. 436
Case & t, 3.5 . 8509 8116 4. 810
te=1,—=0.95; tg=0.5 - -
te Case 16 t,
e —_ t,=0.333;t—'=1; tg=3.333
0 0.8327 0. 4707 0. 4707 hd
1 . 7944 . 5720 1.226
2 7788 . 6071 1. 677 0 0. 8709 0. 4888 0. 4888
2.7 7718 . 6225 1.931 1 . 8846 . 6600 1. 936
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TABLE IIIL—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, F=0 (Npe=1)—

8

*C ase 17:

ISy

Case 18:

|
1

WO
1]

Cuse 19:

W=D

Case 21:

SN S

Case 22:

- .
T ‘ Tw

Coneluded

(b) Insulated wall cases—Concluded

¢
£,=0.333; t—‘=1; t5=0.667
8

0. 8265

0. 4872
. 8438 6497
. 8485 6981
. 8516 7301

{
1,=0.333; t—'=0.8; t#=0.667
L4

0. 4500

0. 8271
. 8347 . 6523
. 8355 . 7032
. 8360 L7374

t
£.=0.333; r‘=0.4; t2=0.667
"8

0. 3282 0. 4969
8218 . 6571
8165 L7152

. K8129 . 7506

0. 8283 0. 5015
8171 6577

. 8092 7213
. 8038 7619
48

lt
te=0.1; —=1; t g=0.3%
tﬂ

(. 8503 0. 5014
BTG4 . NR28
. 8804 L9674
. 8826 1014
f
=01 —=1;tg=1.73
t!
0. 8553 . 5006
L8747 L1935
8784 . 8646
3807 . 0069

Case 23:

prR—c

!?
L=0.1; Z£=0.75; tx=1.73

&

0. 8843 0. 5026
. 8672 8040

. R681 . 8820
8685 9223

g 8 ‘ T ( 9 . 7
Case24: t.
t,=0.1;—~=05; tg=1.73
t!
0.4872 0 0. 8528 0. 5047 0. 5047
1. 836 1 . B588 . 8210 3. 512
2, 604 2 . 8563 . 6089 5.197
3. 306 3 . 8546 . 9598 6. 406
Case 25: to
1,=0.1; —=0.262; {g=1.7
t!
o 0. 8510 0. 5071 0. 5071
0. 4900 1 8475 . 8684 3.953
1.781 2 8400 . 9744 5. 802
2. 525 3 8351 1.038 7.410
3.208 o I
S Casc 26: N
4,=0,1;—=1;tg=1
8
[ 0 0. 8406 0. 4997 0. 4997
1 . 8610 7798 3.276
0. 4969 2 . 8651 8488 4.773
1. 634 3.2 . 8678 \ . 8928 6,127
2.317] - L L
2.852 Case .’7_ B
t=0.1; £=0.8; tg=1
.
0 0. 8404 0. 5012 0. 5012
- 1 8554 . 7850 3.230
2 8572 . 8588 4,726
0. 5015 2.4 8577 . 8775 5. 214
1. 518
2,153 y T T T e
5 Cuse 28;
5 ot z.=o.1;[—’=o.4;zx=x
] 0. 8393 0. 5045 0. 5045
1 . 8433 . 8003 3.158
2 . 8309 . H8R3 4. 677
3 L8378 .02 5. 863
Case 29: o T T
t.=0.1; —=0.2; {g=1
ls
R 0 0. 8379 0. 5067 0, 5067
1 . 8350 . 8266 3. 319
2,2 . 8263 U437 5,242
|
Case 30: {,.
t,=0.033; —=1; tg=2.19
t!
0. 5006 TTTTT T
3. 468 0 0. 8552 0. 5068 0. 5068
5. 064 .75 . 8794 1.015 7. 268
6. 309
Case 31; (8=0)
Additional flat-plate solutions
le tr { r f'..:
0. 5026 N |
3. 460
5. 080 0.01235 0.812 0. 8315 0. 5119
6.211 .01235 .618 . 8243 . 5085
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TABLE IV.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, NONUNIT

LEWIS NUMBER

(a) Heat-transfer cases

8 So(F=F) | to(F=FY) | {(F=Fy)
Case 1: t, o T
tL=1;, —=1; tr=2; {»,=0.0304
ts
0 0. 2551 0. 2605 0. 2551
.5 L2735 . 2789 L2734
1 . 2829 . 2884 . 2828
Case 2: t. T
t,=1,—=1;tp=1; { ,=0.0152
[x
0 0.2319 0.2445 0.2383
.5 . 2486 L2614 . 2551
1 L2572 . 2701 . 2638
Case 3: te o o T
tL,=1; - =1;tg=1; {=0.1
ta
0 0. 3150 0.3355 0. 3254
.5 3404 .3612 3509
1 3531 L3742 . 3638
2 3675 . 3890 . 3785
3 3763 .3979 . 3874
3.5 .3795 .4013 . 3907
Case 4: /r_ T -
=1, —=1; {g=0.5; f v=0.05
la
0 0. 2875 0. 3329 0. 2997
.5 . 3104 3564 . 3227
1 .3219 . 3684 3342
2 .3349 .3822 3474
3 . 3427 . 3905 . 3553
3.5 . 3457 . 3936 3583
Case 5: ¢,
£,=0.333; t—=1; t §=3.333; { »=0.05066
&
0 0. 2588 0. 2588 0. 2588
.5 . 2939 . 2939 . 2939
1 . 3097 . 3097 . 3097
Case 6 ¢,
{,=0.333; l~—=1; tg=3.333; {.=0.3333
s
0 0. 2386 0. 2386 0. 2386
.5 . 2838 . 2838 . 2838
1 . 3027 . 3027 3027
Case 7: t, -
t,=0.333; t_=l; tg=0.667; {»=0.04
8
0 0. 2598 0. 2645 0. 2594
.5 . 2045 L2992 - 2940
1 . 3102 .3149 . 3097
2 L3272 . 3320 . 3269
3 . 3371 . 3419 . 3369
3.5 . 3408 . 3456 . 3406

[ LolF=F1) | {o(F=F) | {(F=F)
Case 8§: . o
,=0.333; —=1; {£=0.333; {»,=0.03333
L
0 0.2752 0. 2880 0.2823
.5 .3119 . 3246 . 3189
1 . 3286 . 3413 . 3355
2 . 3467 .3595 3536
3 . 3572 . 3702 3642
3.5 3612 L3742 . 3681
Case 9: t, T T
4=0.1; E—=]; tg=6.58; £ ,=0.6579
8
0 0. 09330 0.09330 0.09330
.8 . 1545 . 1545 . 1545
1 L1730 L1730 . 1730
Case 10: [ o ’
t,=0.1; o= 1; te=1; £»=0.0152
8
0 0. 2235 0. 2238 0. 2247
N . 2802 . 2805 . 2814
1 L3017 . 3020 . 3028
Case 11: z" B
t,=0.1; t——':l; 1 £=0.333; ¢« =0.03333
0 0. 2768 0. 2816 0. 2786
.5 3451 . 3500 . 3467
1 3713 . 3762 3728
2 3979 . 4024 3996
3.2 4152 . 4178 4170
Case 12: N Tc - -
£,=0.033; —=1; tg=2.19; {~=0.2193
s
0 0. 2703 0.2703 0.2703
.5 4602 . 4602 - 4604
1 5121 . 5121 -5123
Case 13: 1> T -
{.=0.033; ,—= 1: £ £=0.333; ¢ =0.007066
0 0.1925 0. 1947 0.1928
.5 L2715 2737 L2722
1 2071 2994 . 2084
Case 14:
Additional flat-plate solutions (8=0)
e ts te | aF=FD ’;;,u»:m to(F=Ty)
0.01235 0.812 0.0812 0. 2965 0.2977 0. 2980
.01235 .618 . 00938 L2121 . 2130 . 2126
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TABLE IV.—TABLES OF SIMILAR SOLUTIONS FOR EQUILIBRIUM DISSOCIATED AIR, NONUNIT
LEWIS NUMBER—Concluded

(b) Insulated wall cases

8 F(F=Fy) ‘ T(F=Fy) i T(F=Fz) 8 ‘ F(F=Fp) F(F=Fy) F(F=Fy)
Case 1: S (.‘,.a.se 4: - : o
PR Y —
£,=0.333; i—'=1; £r=3.333 L=03; o =Ltg=1
f R _
T 0 0.8195 0. 7660 0.7776
0 0. 8137 0.7978 0. 8022 1 . 8453 . 7937 . 8056
1 . 8312 . 8158 .8220 o
Case &
Case 2: . t,=0.033; i—‘=1; tg=2.19
t,=0.333; t—‘=1; L2 =0.667 —
0 0. 8045 0.7827 0.8142
1 8373 . 8169 . 8499
0 0.8762 0.7346 0. 8228
1 . 8920 . 7586 . 8452 o e
Case 6:
Case 3: Additional flat-plate solutions (8=0)
t. : I E—
=0.1; ==1; tg=6. - - -
B=0.13 =15 ta=6.58 L ‘ ts | FF=Fy | FF=Fy | F(F=Fy
0 0. 8502 0. 8502 0. 8502 0.01235 0.812 0.8234 0.7545 0.7786
1 . 8764 . 8764 L8764 .01235 .618 .8489 . 7300 . 8022
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